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Abstract:
The Cutting Tool Service Center (CTSC) at the Boeing Company is a division within the tooling
manufacturing business unit (MBU) that purchases, resharpens and stores cutting tools for some
of the MBUs throughout the Boeing Company. Every year Boeing uses millions of cutting tools
to manufacture airplanes. Having a business unit that specifically deals with cutting tools is
clearly beneficial to Boeing since, otherwise, this centralized operation would have to be
redundantly dispersed all over the company. Yet having a consolidated operation challenges the
CTSC to have to efficiently manage the inventory of millions of cutting tools for the whole
company.
This thesis concentrates on the management of inventory of refurbishable tools with a limited
number or lives. Developing a model to help manage a system specifically with these kind of
tools is meaningful and interesting due to the volume of tools in question, the recycleability of
the tools, and the fact that the tools have a limited number of lives. Historically the CTSC seems
to have suffered from stock-outs of tools as well as from excessive surpluses of inventory. This
cyclic trend suggests the need for a modeling tool that may help understand the supply chain
dynamics of the system.
In the study of the supply chain of refurbishable tools with a finite number of lives one can find
that there are two sources of supply: the supply chain of new drills and the supply chain of tools
that, after being distributed and used, need to be refurbished. This thesis will focus on
understanding the complexity in managing this supply system. Because of the recycling nature
of the system, this document pays special attention to the distribution and return of tools. The
distribution network of the tools directly affects their recycle delay. This provides the insight
that designing an efficient distribution system is a high leverage factor in the management of
these items. In order to emphasize the importance of this finding, a section of this thesis will be
dedicated to a proposal for the redesign of the distribution network. As part of this proposal an
innovating dispensing solution that can help reduce the overall recycle delay will also be
presented.
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The core of the thesis, however, is the introduction of an inventory management model that will
help keep the system of refurbishable tools under control. This document will describe the
current operation at the CTSC to serve as the background for the proposed model. The main
purpose of this model is to establish the procurement policies that need to be followed in a
system of refurbishable tools with a limited number of lives like that of the CTSC.
Thesis Advisors:
Yashan Wang, Associate Professor of Management Science, Management Advisor
Roy Welsch, Professor of Statistics and Management Science, Engineering Advisor
Stan Gershwin, Senior Research Scientist, Mechanical Engineering Reader
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The background work for this thesis was developed through my Leaders for Manufacturing
(LFM) internship working for the Cutting Tool Service Center (CTSC) at The Boeing Company.
The CTSC is a consolidated center for cutting tools that purchases, stores, resharpens and
distributes drills, endmills, reamers and other tools of this sort. The CTSC supplies to internal
Boeing business units. At the start of my internship, I was presented with the challenge of
designing a regional distribution network for the CTSC to help better supply its customers.
Quickly, however, the focus of my project shifted as I found that many steps were needed before
the CTSC could efficiently use such a regional distribution network. Even so, the different tasks
throughout my internship were all focused on the logistics of managing cutting tools for the
Boeing Company. Soon, I became intrigued by a particular logistical challenge that is specific
to refurbishable tools. I identified this as a good topic for study, and chose it as the central topic
for my thesis.
From interviews and observations during the first weeks of my residency, I noticed that besides
the distribution challenges, the CTSC also had an interesting inventory management problem.
Everyone that was directly or indirectly involved in the management of tool inventory
mentioned to me that the CTSC seems not to be able to avoid huge swings in inventory. During
some epochs there is a huge surplus of drills while at other times there seem to be continuous
stock-outs. Given my background and interest in system dynamics, I immediately identified this
as an interesting problem to study. I noticed that one of the main factors that made this problem
interesting was the recycleability of the drills. Because the drills that are sent out to the
customers can all, for the most part, be resharpened and used again, the supply of drills is
inherently dependent on their demand subject to a certain time lag. Further, I learned that this
lag is not only due to the length of time that it takes for a drill to be used, but also to the time it
takes for a tool to get distributed to the end user. The latter is a source of delay of a much
greater order of magnitude in the life cycle of refurbishable tools.
I recognized that studying and improving the distribution chain of cutting tools was crucial, not
only to my original project in regional distribution, but also to the supply chain management of
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refurbishable drills. It became clear to me that the CTSC could not develop an effective regional
distribution plan, whose objective was to supply all the plants throughout the company, until
both the inventory management problem and the excessive distribution delays were addressed.
As I learned more about the intricacies of refurbishable tools, I noticed that developing a useful
inventory and supply chain management policy was not that simple. On the other hand, through
further observations, I did notice that, in some cases, the distribution network used was
extensively redundant, and that improving it would be relatively easy. I observed tools being
shipped from a huge storage facility to another one that was less than a mile away. Each of these
arsenals held, on average, two months worth of usage in inventory. Tools would be sent out
from the receiving warehouse to toolrooms, and, months after they were shipped out of the
CTSC, finally put to use.
I spent most of my time during my internship finding ways to improve this distribution chain. A
team was formed to look at different possibilities and come up with a game plan to develop a
World-Class tool distribution system for a large company. This team was very successful in
developing and implementing new methodologies. Throughout the development of ideas,
however, I would continuously think of the effect that a better distribution system would have on
the still unsolved supply chain management problem. I never lost interest in solving this
problem, and, therefore, it became my research topic for my graduate thesis.
The focus of my thesis is centered on the design of a supply chain model for refurbishable tools.
The distribution challenges that the team and I worked on while I was at Boeing are also
engaging in nature. However, for the most part, the tasks at hand were implementation
challenges and not necessarily my ideal for a research topic. Yet, given that the distribution of
refurbishable tools directly affects their supply chain, the implementation work that the team was
working on will have a big effect on the management of tool inventory. For this reason, the
redesign of the distribution network is also partially included in this document as an example of
how an identified leverage point may be altered based on the insights developed by a model.
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This document assumes that the reader has knowledge of basic inventory management models,
some basic understanding of system dynamics, as well as knowledge about the Boeing
Company. Some aids to understand the academic tools mentioned are included in the
appendixes, yet the reader may chose to refer to the bibliography for further reference. The
reader should at a minimum be familiar with the "beer gamel" and the base stock inventory
model. The tools proposed in this document are in essence general and, in theory, may be
applied to any industry dealing with refurbishable items. However, given that the thesis work of
the LFM program is purposely intended to be focus on the internship project of the fellows, I
found it much more useful to present my findings as specific to Boeing and the CTSC. It is left
to the reader to translate this tool to their desired application.
The main deliverable of the work in this thesis is a procurement and inventory management
policy for the CTSC. The hope is, first, that this document will present a convincing argument
that my model accurately replicates the dynamic behavior of refurbishable tools. Once this
model is accepted, the proposed procurement policies may hopefully be adopted not only at the
CTSC but also by other similar organizations dealing with refurbishable items that have a
limited number of lives.
This document is a technical thesis and is hereby presented as such. However, because of my
hope that the people at Boeing with whom I worked, and my LFM colleagues will find this
interesting, entertaining and useful reading, I have allowed myself a certain informal and
personal tone in writing this document.
A final comment is necessary to clarify my choice of words in describing my work. The bulk of
my thesis is the development of a modeling tool. This can become confusing in that I have
developed a "tool" to manage "tools." To avoid this confusion I will often, but not always, refer
to my model as an inventory management "instrument" rather than a "tool."




This chapter provides the reader with the basic background for the work presented in my thesis.
The background information, in general, is presented only to give the setting of the project rather
than to describe the historical detail of the events and situations that led to my work. The content
of this chapter may seem a bit tedious and basic to the reader with some knowledge of Boeing or
the cutting tool operation. The content of this chapter is ordered from the more general
perspective to a more project specific one.
1.1 The Setting: Boeing and the competitive climate of the industry
In the summer of 1997, The Boeing Company and McDonnell Douglas, the two largest U.S.
based commercial aircraft manufacturers, officially merged their businesses. Although there
were some anti-trust questions in regards to the monopolization of the large, commercial aircraft
manufacturing industry, the Justice Department both in the US and Europe accepted the merger.
The approbation was based, in part, on the fact that the market for commercial airplanes is global
in scope and presumably the international competition will keep Boeing-Douglas honest.
Additionally, in the US, the survival of national based manufacturing was taken into account.
The competition from the European consortium of Airbus, combined with the capital-intensive
nature of the industry, made it practically impossible for Douglas to remain afloat without
joining forces with some partner. So it was to the government's best interest that the company be
absorbed by Boeing.
Among many other goals, one of the basic desired objectives of many mergers like this one is to
gain market access and share at the same time that the overall cost of the pair of companies is
reduced. This as a result of the integration of their capacity and a reduction in the total
overhead. So after the merger is signed, what remains for the executives of both companies to
manage is the consolidation of the redundant efforts and the reduction of overhead.
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For decades, while Boeing was the soul supplier of jetliners with above 400 passenger capacity,
the competition in the aircraft industry was relatively low. Boeing prided itself on quality,
service, and on-time delivery. Traditionally, they would customize an aircraft to whatever
special requirements, and the customer was usually willing to pay for this. Boeing learned to run
fat, and allowed itself to continue to run many operations in ways that were not necessarily the
most efficient. With the appearance of Airbus, which by some is suspected to be subsidized by
European governments, and the introduction of many new competitor's products, Boeing was
forced to quickly lower its costs. The merger with Douglas, though it was a necessary step for
survival, did not immediately make the company competitive.
For years, Boeing had concentrated on maintaining itself as the market leader. But Boeing is
subject to long (approximately seven years) market cycles that may put the company in a
position of having excessive over-capacity during downturns. Though Boeing usually copes with
this by cutting costs, many of their suppliers are driven out of business. Then, during the
following upturn, their suppliers would have a hard time ramping up and Boeing would miss
deliveries. With the existence of competition, this signal to the customers allowed Airbus to steal
Boeing's market share. Soon, Boeing found itself in a situation where only by increasing
productivity and achieving a world-class manufacturing level would it achieve competitive
survival. All through the company, many cost-cutting initiatives have been started, altered, and
restarted throughout the last decade. Recently, every business within the company has been held
more and more accountable for their total costs. It is not about simply managing headcount
anymore. And now with the merger of Douglas, every business has had to find ways to learn
from its counterpart and consolidate efforts in order to reduce cost. This is especially true for all
support organizations whose cost is spread throughout the different airplane programs and is
thus considered overhead.
1.2 The Cutting Tool Service Center (CTSC)
The Cutting Tool Service Center is a regional distribution, regrind and procurement center of
cutting tools for the Boeing Company. The CTSC is under the umbrella of the Tooling
Manufacturing Business Unit (MBU) which is a support business that manufactures tooling
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equipment for a good percentage of the Puget Sound (Washington State, US) region and other
Boeing fabrication and assembly MBUs. At one time, the CTSC was part of the Manufacturing
Services Group, which was basically a support organization for diverse manufacturing services
including the distribution of tools. After a recent reorganization of the company, which led to
the creation of the different MBUs, the CTSC was left homeless for some time until it was put
under the umbrella of the Tooling MBU.
This reorganization gave the CTSC better visibility within the corporation. A very strong
management team was put in place to have full responsibility for the different parts of the CTSC
business, and corporate initiatives quickly got on their way within the business. As competition
became fiercer, the CTSC, like any other business within the company, was forced to cut costs.
Lean manufacturing initiatives, as well as the "5 S" program and many others yielded to changes
all around the business. Additionally, with the merger of Douglas, the upper management of the
CTSC was offered the opportunity to learn from its counterparts and, wherever it made business
sense, faced the challenge of consolidating efforts between the partner companies.
The CTSC, at the time of this study, had in essence the following main operations, (as they are
relevant to this document). First, the CTSC was responsible for maintaining an inventory of
cutting tools that may be used by any of its internal customers. Drills, endmills, reamers and
other cutting tools were purchased in large quantities and maintained in inventory within
CTSC's premises. Second: Most cutting tools after they are used, can be resharpened and used
again. The CTSC has a regrinding operation for both drills and endmills. Third: When an
operator in the line uses a drill, he typically dumps it in a tub. When a good number of used
tools accumulates, these are eventually sent to the CTSC all mixed in the tub. For this reason the
CTSC also has, in-house, a fairly capital-intensive, tool sorting operation. The fourth operation
that is worth mentioning for the background of this document, but perhaps less relevant to the
rest of this thesis, is the fabrication of special cutters. These cutters are manufactured to order
by modifying a common stock tool. The requests for these tools are typically low in volume and
the operation is extremely manual.
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1.3 Cutting Tools
The principle use of cutting tools, in very general terms, is to sculpt a material to a desired shape.
Cutting tools are used to remove the unwanted parts of a raw stock of material. Typically, the
tool that is being used has a sharp edge and is of a stronger material than that being cut. In the
case of metal cutting, a huge factor in the rate of fabrication of parts has to do with the quality of
the edge of the cutting tool. In Boeing's processes most cutting tools are used in high speed
milling machines and drills guns. Practically every part that goes into an airplane was at one
point or another touched by a cutting tool.
It would be impractical for this document to go into the details of the thousands of cutting tool
applications and processes. For purposes of this document, I will focus the discussion on the
difference between drills and endmills with the hope that the reader has some knowledge of one
or the other.
The one common purpose that drills and endmills have is that they both cut metal. As a sharp
metal object touches another, the weaker of the two will shear and break. In a well designed
application this is hopefully the part being cut. However with use, the cutting tool loses its edge
and eventually stops producing a quality cut.
An endmill is a cylindrical tool, most often, with a flat end. These tools are used in milling
machines. A milling machine moves a cutting tool perpendicular to the axis of rotation. This
places the edge of contact of the operation on the perimeter of the tool. For this reason, when an
endmill becomes dull, it loses its edge around its perimeter and typically throughout the length of
the tool. The critical dimension of an endmill is its diameter.
A drill, on the other hand, is placed on a drill gun that is pushed in the axial direction of the
rotation of the tool. The cutting edge of a drill, thus, lies on the tip of the drill. To ease the
manufacturing operation of drilling holes, a drill may have what is known as a pilot. The pilot is
a section on the tip of the drill, about a quarter inch long, that has a smaller diameter than the
nominal diameter of the tool. Since the drilling operation is basically punching a hole through
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metal, the purpose of the pilot is to divide the punching operation into two steps. The first step
cuts a small hole using the very tip of the drill, and the second cuts to the hole to its desired
diameter. The critical dimension of a drill is also its overall diameter, which ultimately
determines the diameter of the hole.
The sharpening operation of any cutting tool can be basically described as cutting the dull edge
off, and regrinding what is left of the tool to gain a new sharp edge. As described above, the
cutting edge of an endmill is around its perimeter. For this reason, when an endmill is sharpened,
and the dull edge is cut, the tool changes in diameter. Because this is the critical dimension of
the tool, sharpening the tool changes the tool itself. In contrast, a drill's cutting edge is at its tip.
So when a drill is resharpened it only loses its length and, for the sake of argument (see next
paragraph), its diameter remains unchanged. For this reason, a resharpened drill has the same
critical dimension as a new drill and is, in essence, the same tool. In the case of a piloted drill,
for the first few resharpenings, the diameter of the pilot is reduced, but again the overall diameter
of the tool remains untouched. In the case of a drill whose pilot has been sharpened several
times, the pilot is cut off, and a new one is ground at the tip of the drill. This further reduces the
overall length of the drill. But again, even in this case, the critical dimension of the drill, the
diameter, remains unaffected.
The paragraph above implies that, as long as the drill has a certain length, it can always be
sharpened and used again. Yet drills do not have an infinite number of lives. One could perhaps
imagine that, as the length of the drill gets shorter and shorter, it eventually becomes a stub and
will no longer be refurbish-able or reusable. At the CTSC, however, a drill is rejected before it
ever gets to this state. This implies that the number of lives that can be obtained from a drill is
bounded by another characteristic. The statement made above which describes that a drill that is
sharpened does not change in diameter is not entirely true. Precision drills have a slight
backward taper. As a drill is sharpened and reduced in length, its overall diameter will also
slightly decrease. To the naked eye, a drill appears to be straight, and one usually cannot notice
the taper. Indeed, the degree at which the diameter varies is very small and typically ignored in
dimensioning a drill. However, in the case of Boeing's application for drills, because precision
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holes are needed, if a drill has a few thousands of an inch diameter variation it may no longer be
used. A typical piloted drill at the CTSC may be sharpened, for example, only five times. The
pilot is first reduced in diameter for its first two resharpenings. For its third resharpening, the
length of the drill is reduced by a quarter of an inch, as its pilot is cut off and a new one is
ground. The new pilot can then be reduced two more times. When the drill gets to its sixth use,
however, it may no longer be sharpened because, if the pilot is cut again, the overall diameter of
the drill will drop beyond its tolerance given that the tool is backward tapered.
The point of discussing the details of the refurbishability of the drills is to identify these
characteristics as the source of the intricacy that makes the inventory management of these tools
an interesting topic to study. The combination of the facts that a sharpened tool is as good as new
and that it has a very finite number of uses is unique to drills. Other tools, as explained above for
endmills, do not share these characteristics. The focus of my study is for the management
exclusively of items with these two attributes. For this reason I will narrow my study, in terms of
the CTSC, to the supply chain management, specifically, of drills.
1.4 Boeing and its use of cutting tools.
The skin of a 737 aircraft has millions of rivets. Each rivet is placed on a hole that at one point
or another had to be drilled. The total number of holes that need to be cut in the manufacturing
of a plane are probably three times as many as those needed to assemble the skin. And though
Boeing contracts a good portion of its component manufacturing, the number of holes that are
drilled per plane within Boeing premises is still on the order of magnitude of millions.
Because of the quality of the manufacturing required for this industry, all holes need to be
precision holes, drilled with precision equipment. Given that some of Boeing's metal cutting
operations are particular to their business and are often a significant percentage of their
processes, the company yearly invests in developing cutting technology. To maintain the quality
of holes to specification, the quality of the drill must also be maintained. An operator is to use a
tool up to the point that it becomes dull, not only because it facilitates their work, but more
importantly because it determines the quality of the hole. Given the sophistication of stronger
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yet lighter building materials, like composites and titanium, some drills may only be used to drill
one hole and then need to be replaced. Other drills might be used to drill thousands of holes.
Either way, knowing the current published rates of Boeing's production of around forty planes
per month, one can roughly estimate the millions of drills that Boeing uses per year.
Boeing uses less than ten principal suppliers of drills. A possible model for the supply chain
management of drills would be for each of the plants that Boeing has throughout the country to
obtain their own drills from these suppliers. Each plant would individually get their tools
resharpened, either internally or by subcontracting the work a local supplier, and would also
need to keep track of how many drills are in their own system. If all plants were doing this,
there would be redundant efforts in the management of a complex system encompassed by items
that on average are worth less than $5.00 each. This would clearly be excessive and wasteful.
The need for a centralized source for managing cutting tools, (the CTSC,) comes from the
logistical nightmare that the above would incur. Having a centralized business dedicated to
cutting tools allows Boeing, among other things, to consolidate efforts, gain buying power with
suppliers, and bring in the visibility of total demand for drills under one roof. The down side of
this strategy, however, is that Boeing now has a single organization that is bearing all the
responsibly and all the risk related to cutting tools. If, for whatever reason, the CTSC is unable
to supply a particular tool, the whole company is put at risk. Additionally, a single entity is
placing huge orders with suppliers, and if the demand should drop, or if a miscalculation leads to
the canceling of orders, the CTSC could force a supplier out of business.
In addition to managing the supply with the fabricators of drills, there is a particular feature of
the drills that Boeing uses that add a certain complexity to the supply chain of drills. Most drills
are used in hand held drill guns in the assembly facilities of Boeing like those in Everett and
Renton in Washington State. The value added in the hole-cutting operation is incurred
exclusively when a hole is being cut. The time that the operator spends changing a drill is
valuable wasted time that has an opportunity cost associated to it. For this reason, Boeing
developed the quick-change drill technology. Drills that use this technology have a quick-
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change adapter attached to the shank side of the tool. The drill guns have a special mechanism
that allows the operator to replace a drill in less than five seconds without the need of any
additional tool. This technology has been licensed to only a few of Boeing's drill suppliers. The
suppliers that do not have the capability to add the adapters must send their drills to be adapted
before they can be sent to Boeing. The combination of the volume of demand and the current
existing capacity for this process make the adapting suppliers the bottleneck in the supply chain.
Historically, Boeing, along with the aerospace industry in general, suffers from an extremely
cyclical demand. When the demand of planes go up, so does the demand for internally
manufactured components. When this demand goes up, so does the demand for its tooling. The
nature of the supply chain "beer-game" dynamics, cause the supplier's suppliers to always see
more exaggerated demand swing cycles due to the fact that the fluctuations are augmented as
they go down the supply chain. When the demand of all the airplane parts fabricators within
Boeing is combined with this augmented delay effect, one could suspect that the CTSC is subject
2to huge swings in demand2
This dynamic has, in actuality, been very true. To make matters worse, the CTSC has passed
this effect down to its suppliers. Additionally, because of the bottleneck in adapting drills, the
CTSC has almost caused line shut downs because of a lack of drills in the pipeline 3. This has
scared the managers of the CTSC and sparked the efforts to find a better supply-chain
management model.
1.5 Scope of thesis.
The goal of my thesis work is to develop an instrument or a set of recommendations that will
help better manage the unusual supply chain of refurbishable tools described above. While
describing the system of the Boeing Company, I mentioned some of the specific issues that add
2 Further explanation of the "beer game" dynamics may be found in Chapter 3 of Senge's The Fifth Discipline. See
footnote I on page 13 in the Introduction of this thesis.
3 This observation was documented in a 1998 Memo prepared by Marc Zuger, entitled "The Quick Change Adapted
Dill Story"
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to the complexity of managing the suppliers. However, my work will not focus on making
recommendations to manage the supply chain of tool fabricators. Rather, I will focus on finding
an appropriate instrument for the management of the supply chain specific to most refurbishable
items which all have an inherently interesting intricacy.
What is alluded to above, in general terms, has to do with the limited recycleability described in
Section 1.3. Details on this issue are included in the core of this document. However, there are
several observations and assumptions that play an important role in the development of my work
that need to be mentioned as part of the introduction of this thesis.
Although the CTSC sharpens a majority of the drills at Boeing, there is lack of visibility in the
number of lives that a drill in the system currently has. The high volume of drills and the vast
number of drill types makes it cost prohibitive to implement and maintain a tracking system that
could potentially solve this problem. For this reason, rather than trying to think of ways to
implement a life-counting system, I have assumed that this lack of visibility is part of the
intricacy in the system that needs to be considered.
A further complexity exists in the fact that, although drills can be reused, all drills can only
withstand a limited number of resharpenings. This is important to consider since a visible way
to determine which drills are on their last life does not exist, up to the point that the drill needs to
be actually thrown out.
The diverse set of customers that the CTSC has adds an additional complication to the
management of the supply chain of drills. Some of the CTSC's customers are only a block away
and have very good tool distribution and return procedures. Others may have huge amounts of
inventory, are far away, or may not manage their perishable goods in a lean way. The diversity
of the CTSC's customers causes a huge variation in the time delay between the time that a drill
is shipped to the customer and the time it is received back to be resharpened. Part of the
challenge of developing an instrument to manage the supply chain is to understand the effect of
this variation in the system.
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1.6 Map of Thesis.
This thesis will propose the use of several modeling techniques to understand the high leverage
variables in managing the supply chain of drills. Because the supply chain of drills is directly
affected by the recycleability of the tool, Chapter 2 will describe the detail of the full cycle of the
tools. Once this is presented, Chapter 3 will present an analytical view of the whole system from
the supply chain management perspective. Further, this chapter will propose the backbone model
that I have developed for my work.
A high leverage point in the management of the supply chain of drills will be identified as the
delay in the return of drills. This delay is defined as the time between the moment that drills are
sent to the customer to the moment that they are returned to be recycled. Further, the
distribution of tools will be identified as the main source of this delay. Chapter 4 will discuss
how the current distribution network at Boeing could be "leaned out" in order to affect the
overall supply chain. This chapter will also describe the design of a dispensing device that could
dramatically change the overall lead times for getting a tool back to be resharpened.
In order to validate my proposed model and to understand the variation inherit to the system a
simulation was used. The description of this simulation is also included in Chapter 5. This
chapter will explore the inputs and limitations to the backbone model derived in Chapter 3, and
present the procurement policy recommendation as well as the most important insights
developed by my work. Finally Chapter 6 will present, in the form of a manual, the conclusion
of the details of using my proposed model. This chapter will close with my recommendations
for further study.
The document, as a whole, will offer a solution for the effective management of the complete
cycle of refurbishable tools. At a minimum, the document will be an innovative academic study.
Hopefully, the document will also have a practical value to Boeing or any other world-class
manufacturing company wishing to examine the management of a similar refurbishable item.
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Chapter 2 Description of the Cycle of Drills
This chapter will describe the details of the full life cycle of drills from the moment they are
brought into Boeing, to the moment they are worn out. Because the drills repeatedly go through
the same loop, one could start the description of the process at any point to then continue the
explanation around the whole cycle. Without any other criteria to use to pick a starting point and
given the emphasis of this document on refurbishing, I will start at describing the CTSC process
at the point that the drills are received from their customers to be reground. The detail of the
description of the process might have little relevance to the topic of this thesis, yet it is included
here to gain a common frame of reference with the reader. Once I have worked my explanation
around the cycle, I will close the chapter by describing the procurement processes and policies
that will ultimately be the target of my recommendations.
2.1 The CTSC Process
The following section describes all the parts of the drill life cycle that in principle are inclusive
to the CTSC. Although no specific quantities are presented in this document the description and
photographs in this section should give the reader a sense of the magnitude of the operation.
Developing a better management system for three-dollar cutting tools might seem to be a
mundane topic if one does not have a sense of the volume of drills that are handled by the CTSC.
The activities of this center, as far as drills are concerned, are focused around the sharpening and
storage of tools. And, though most of the volume of Boeing's drills are resharpened and stored
at the CTSC, it is important to mention that, often, as much as fifty percent of the sorting and
regrinding work is offloaded to one particular external supplier. To maintain the scope of my
thesis, however, little mention is made about the decisions regarding the offloading of the
regrinding work. On the other hand, the effect that this outsourcing activity might have on the
supply chain management of tools will be evaluated in the conclusion chapter of this document.
2.1.1 Receiving Drills.
Practically every day, the CTSC receives one or more plastic containers full of used drills. These
tubs are about 20 cubic feet in volume and hold up to 15,000 unsorted drills. Drills that are
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dumped in a tub tend to tangle up in blobs and occupy a significant amount of volume. The
CTSC typically holds a "healthy" backlog of seven to ten tubs of unsorted drills. These tubs are
sent by the different businesses throughout the company. Supposedly the tubs are filled with
exclusively dull drills. However, given that a bunch of unsorted tangled-up drills may look like
trash to many people, these tubs typically arrive with a variety of other items. These include
everything from never used drills to small airplane parts or scrap.
Figure 2.1 Tub of Unsorted Drills
2.1.2 Pre Sorting and Cleaning.
The tubs are held in a queue waiting to go into a presort operation. The first step in this
operation is to progressively dump all the drills onto a moving conveyer. This step is shown in
Figure 2.1. The conveyer shakes, rattles, and rolls, roughly breaking the conglomerates of
tangled-up drills. The drills are then laid out on a smaller conveyer from which the drills that
will be sorted in-house are hand-picked and placed in a small one cubic foot iron basket. The
tools are tossed in the basket without any order, and usually tangle up again. The drills that are
left on the small conveyer, along with all the items that are not drills, get dumped in a crate that
is shipped to their external sorting and grinding supplier. The baskets full of drills are then
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placed in a high pressure-cleaning machine. Since the baskets have steel grated walls, usually all
drills are cleaned fairly successfully.
2.1.3 "Singlelating" and Sorting Drills.
Singlelating is a word that I have made up. I will use it to describe the operation that takes a set
of tangled up drills, and lays them out individually, locating them specifically for an automated
operation to find them. I found it necessary to create this word because this piece of the sorting
process is extremely difficult to perform and extremely important to the rest of the operation.
This is true to the point that the CTSC has made a huge investment in an automatic singlelating
and sorting machine, (shown in Figure 2.2 and Figure 2.3).
Figure 2.2 Singlelator
The singlelator takes a basket-full of unsorted and tangled drills and dumps them on a set of
conveyers and mechanisms. Again, these shake, rattle and roll the drills until they are placed one
by one on a belt that carries them individually to the sorter. The belt moving the singlelated
drills may be seen at the bottom of Figure 2.2. The drills then go through a laser measuring-
device that identifies the drill and determines whether or not it may still be sharpened. It then
dumps each measured drill individually into one of one thousand PVC tubes, shown in Figure
2.3. These tubes are attached to a mechanical carousel that travels, one step at a time, around the
room where plastic baskets are laid out. A computer keeps track of what drill is in which PVC
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tube. When the appropriate basket is underneath a particular drill, the PVC tube allows the drill
to fall into its container.
Figure 2.3 Automatic Sorter
When a container is full of the same type of drill, these are passed through a quick visual
inspection, where any erroneously categorized drills are removed. Unless that particular part
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number is needed immediately the drills are then bagged and stored in an Automatic Storage and
Retrieval System (ASRS, shown in Figure 2.5)
2.1.4 Grinding.
Describing the grinding operation of drills could alone be a topic for another thesis and, thus, it is
here described in very general terms. There are basically three steps in the grinding of a point of
a drill, the pointer, the stepper and the notcher. The pointer grinds the very tip of the drill, the
stepper grinds the pilot step, and finally the notcher adds a small cutting edge to the tip of the
drill. The CTSC has developed a semi-automatic process for each of these steps. The operator
simply singlelates the drills on a moving rack, and the machine automatically takes one drill at a
time and performs its operation. It is also the responsibility of the operator to perform quality
inspections at each station. One interesting thing to mention is that after each operation the drills
are dumped in a basket and the operator in the next step will have to singlelate them again. The
singlelated drills and the grinding machine are shown in Figure 2.4. The total flow time for drills
to get resharpened at the CTSC is less than a week.
Figure 2.4 Singlelated Drills in Semi-Automatic Grinding Machine
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2.1.5 The Sharp Inventory ASRS.
Once the drills are sharpened, their tips get dipped in a protective wax and are then bagged to be
stored. The CTSC has two ASRS (shown in Figure 2.5) where sharp drills are kept. Each of the
labeled drawers shown in the picture is about two feet long by three feet wide. At least one
ASRS operator runs the equipment during the day shift. The operator interfaces with a computer
to enter the code of the tool to be stored. The ASRS robot brings out the corresponding drawer
for him or her to place the drills inside it and manually record the transaction. Typically, each
drawer only has one type of drill, but for part numbers with small carrying volumes, a single
drawer might have several SKU. The ASRS operators store both drills that are supplied from the
regrind operation as well as brand new drills. The brand new drills usually go through an
incoming inspection before they are accepted into inventory.
Besides storing drills, the ASRS operators also "pick" drills to fill the orders. The procedure
works similarly to what is followed to store drills. When they receive an order, the drawer where
the drills are stored is brought forward. A picture of one of the drawers is seen in Figure 2.6. An
operator then takes, in theory, the ordered
quantity, puts them in a brown bag, labels them
and places them in the ready-to-ship rack. Every
drawer has a combination of new and resharpened
drills. The operator grabs drills presumably
indiscriminately from a drawer. In real life
however, a couple of behavior patters were
observed at the time the work for this thesis was
being developed. The first is that the ASRS
operator typically ships what is easy to ship as
opposed to the order quantity. In other words, if
the order is for five drills, but there are only
packages of 12 and 25 drills, the operator would
simply ship the smaller package.
Figure 2.5 Automatic Storage and Retrieval System
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The other habit that the ASRS operators had was that they would decide whether to send new or
resharpened drills based on the number of drills ordered: A package of new drills usually has 12
drills, while the regrind department supplies drills in packages of 25 drills. So if the order is for
50 drills then the operator will send all reground tools, while if the order is only for 12 drills he
or she will send all new drills.
The orders that are received from the variety of customers that the CTSC has can be for any
number of drills. The effects of the personal persuasion of the ASRS operators, described above,
should be studied in detail. For purposes of this thesis, however, I will assume that the selective
picking and choosing of drills washes off through time, and whether a new or an old drill is
selected is pretty much a random event. Additionally, I will assume that the orders are filled to
the correct amounts.
Figure 2.6 ASRS Drawers with Drills
2.2 Distribution of Cutting Tools
The basic model of distribution that I am assuming for my thesis is that of the CTSC and its
internal Boeing customers. When a customer requests tools, these are shipped to a toolroom
within their plant. Every toolroom might hold anywhere from a week to as much as six months
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worth of the demand of each tool. In a plant there can be anywhere from one to as many as a
twenty or so toolrooms. The tools, one way or another, depending on the facility, eventually
reach the hands of the operator who puts them to use to manufacture an aircraft. Some of the
most typical models for distribution and dispensing are described below.
The most common model used for distributing tools is that in which the tools are individually
dispensed from a single toolroom in the plant to each of the individual operators. An operator
may keep some tools in his or her personal toolbox. Whenever a worker runs out of a particular
tool he or she will walk to the toolroom and request the needed item. Given this procedure, the
operators like to hoard inventory so that they do not have to walk away from work as often. A
computer system is used to keep track of the tools in the toolrooms, (within some inventory
accuracy level). However, it is important to note that, the tools in toolboxes are absolutely
invisible to toolroom clerks, to any computer system, and obviously to the CTSC.
Another model is that of the use of several small toolrooms throughout a plant. Drills may get
shipped to a central location and from there they are distributed throughout the plant to each of
the small toolrooms. In each of these, the same dynamic occurs as described above.
A third model for the distribution of tools is that of point-of-use stations or kits. The toolroom
clerks or material handlers are responsible for going around the plant and replenishing point-of-
use stations which hold the tools that are necessary for the work done in a small manufacturing
area. If this area of service is small enough, then operators do not need personal toolboxes, as
they simply share the point-of-use cabinets as common toolboxes. In the case of the kitting
model, the toolrooms fill a box or a shadow-board with tools that are needed for a particular job,
like assembling a wing. For every wing that is scheduled, a kit is sent out to the floor in return
for one that should contain all the used tools that were needed for the previous job. Although the
tools in kits and point-of-use cabinets are also invisible to any computer system, toolroom clerks
generally have control over the quantity of drills that are outside their control. When either the
point-of-use or the kitting systems is used, the clerks are able to keep track of the usage rate of
tools and, thus, these systems offer some visibility.
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The last model to be mentioned that is rarely used and, at that, only by the heritage Douglas
operations, is the employment of automated vending machines. These are machines that are
strategically placed in working areas and are filled with tools which operators within a certain
proximity are likely to request. The operator uses his or her electronic company badge to gain
access to the tools. These vending machines can be filled either by toolroom clerks, or directly
from the material suppliers. In any case, a big benefit of this system is that the vending
machines are typically controlled by a computer that can easily keep track of usage rates and
historical inventory levels.
Perhaps one variation to the above descriptions that is worth mentioning is the distribution chain
for the Wichita campus. The CTSC supplies and stores most of the drills used by this site. These
tools represent close to half of the drills used by Boeing. Because of the distance between this
site and the CTSC, Wichita has established their own warehouse of tools from which they ship
tools to all of the toolrooms throughout the campus. From there on, one of the above models is
used in each of the plants.
The purpose of describing the distribution of tools is to underline the variety of tool distribution
systems that are implemented at Boeing. The ones described above are a generalization of some
of the processes observed, yet there is an additional set of hybrids of such systems that are also
utilized. As in most logistical systems, the material and information delays related to the
distribution of tools are correlated to the number of steps in the process. So the reader should be
able to understand that with some of these systems the tools might take months to get to the user,
while in others the user might be using a tool as soon as a week after it was ordered.
Additionally, the Boeing plants and the CTSC are at a variety of distances from each other, and
this is another factor in the distribution delays of the system.
2.3 The Use and Return of Drills
Workers use drills to manufacture holes. However different operators may use drills differently
and for different purposes, so the time a drill might spend actually in use may vary. A drill gun
operator solely determines when a tool is dull. Additionally, an operator may set his or her own
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policy about how full his working pouch has to be before he or she decides to return all the dull
drills inside it. All of these particular habits add an additional variation to the return delays of
the system.
It is important to understand the above variation. However, regardless of the habits of the
operator, all dull drills should get returned, (this, of course, in theory). Workers, one way or
another eventually toss their inventory of dull tools into some receptacle in the toolrooms. For
example, in the final assembly operation of the Everett plant, where Boeing has their twin-aisle
assembly operation, most of the work is done from platforms three stories up from the base floor
level. Shoots for dull drills have been set up close to the staircases of the platforms to encourage
operators to return drills as they come down the stairs. These shoots go from the third floor to a
box on the first floor that is periodically emptied by toolroom clerks. Though this high drop
might damage some of the drills, the idea of the shoots is to ease the tool handling for the
operator.
Once enough tools are collected, the toolrooms send their dull drills to a central shipping and
distribution area. All the receptacles of tools are then dumped into the white tubs shown in
Figure 2.1 which, when filled, are sent back to the CTSC. The estimated average time that it
takes for a drill to get distributed, used, and returned back to the CTSC is three months.
An important human nature or mysterious factor that plays a major role in this system is the fact
that not all drills that are sent to customers are returned. One would expect that perhaps a few
drills break while being used. But historically, at Boeing, the percentage of tools that are not
returned is between 15 and 25%. This is here stated as a historical fact, and further mention
about the importance of drill returns will be made in the core of this document.
2.4 Procurement and Inventory Management Policies.
The three previous sections have described the continuous cycle that all drills go through at least
once. As was mentioned in Chapter 1, drills do not have an infinite number of lives. Obviously,
drills that get disposed of in the system need to be periodically replaced with new ones.
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It is very difficult to truly describe the procurement policy that has been used in the CTSC
throughout the years. There are some policies that are, in theory, automated such that a
computer system dictates when drills need to be ordered. However, in practice the procurement
agent would often overrule the computer's direction. The reason this would occur is that the
system would make recommendations that would not make sense. Often when it was known that
there was a surplus of a particular drill, the computer would suggest buying even more drills. In
an attempt to correct this, clever management techniques have been put in place. These policies
concurrently consider the drills that are in the main inventory, in the dull area, in the pipeline and
in the grinding operations before the number of drills that needs to be purchased is determined.
Additionally, the dull inventory is kept as a quick lead-time safety stock of drills that could be
played against procurement in case of unexpected late deliveries of new tools. It is important to
observe, however, that the techniques described above did not take into account the number of
uses available in a drill.
A policy that did try to consider the number or uses available in a drill was an extremely clever
idea that was being tried out for the first time during the time of my residency. This policy used a
model that would take as input the history of the purchases of drills. By creating a "fudge"
factor that would somehow track new drills, the model would attempt to age the inventory, and
based on this make a procurement recommendation. Chapter 3 goes into the details of why it is
important to somehow account for the number of lives left in inventory. Aging the inventory, if it
can be done accurately, is extremely valuable in the management of refurbishable tools. The
model I propose in the following chapter, in a way, is an extension to the methodology explained
above. My inventory management instrument also estimates the age of the tools in inventory; but
instead of using a "fudge" factor to do this, it statistically calculates the lives left in inventory at
any moment in time. Nevertheless, the methodology that is mentioned above should receive full
credit for it is a worthy idea that, to a first order approximation, works very well.
All the procurement policies that were described above, or a hybrid version of them, were used at
one time or another at the CTSC. Validating the effectiveness of any of these would be difficult
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because historical data does not provide the information of which reasoning was used at what
time and for which drills. However, in order to test out these policies against each other, I have
developed a simulation model. The result of this test is commented upon in Chapter 6 and
Appendix D of this document.
As a final guide before the introductory discussion of the proposed model, it is necessary to
explain and justify the use of a concept that is mentioned throughout this thesis. The number of
lives of a new drill is defined, for the purposes of this document, as the theoretical number of
uses that the CTSC should be able to get out of a drill. For example, in Section 1.3 a tool was
described to be sharpened a total of five times. This drill had six lives when it was new. From
my observations, the CTSC does not currently track this piece of data for every type of tool. So
perhaps assuming this to be a known input might be erroneous. However, my feeling is, that
with some minor effort and the participation of engineering, the number of lives that can be
obtained from a new item can easily be determined for the CTSC or any other system.
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Chapter 3 An analysis of the Cycle of Drills.
This chapter will propose a model for the analysis of the use and life cycle of drills. The
objective of the model is to first set the framework for the discussion of this thesis. Further, this
model will be used to suggest a way to gain an understanding of the inventory of drills by
obtaining, virtually, the visibility of the number of lives that the drills in stock have at any point
in time. This will allow for a solution to the management of inventory and the procurement of
refurbishable tools for such systems where no visibility on the number of lives exists. The hope
is that such an instrument will help a procurement manager make wiser and better-informed
decisions in order to avoid the stock-outs and build-ups of inventory that were described section
1.4.
3.1 The Supply Chain View of Drills
The procurement, sorting, storing, refurbishing, re-storing and distribution cycle described in
Chapter 2 can be represented as shown in Figure 3.1. This section will take this model and
present a simplified version that will serve as the backbone of the rest of this document. To
show that the model has not been oversimplified, this section will also determine some of the
factors that play an important role in the overall system that will still need to be considered as
inputs to the model.
3.1.1 Establishing the dual supplier model
As described in Chapter 2 the regrind flow time delays in the CTSC are of a lesser magnitude
than the delays related to the transportation, distribution, use and return of tools. Thus, for a first
approximation one can assume that the drills that are received can immediately be used again.
This assumption will be revisited in Chapter 5 when the effect of outsourcing the refurbishing
work is evaluated. Having postulated this, the system is thus simplified further as shown in
Figure 3.2. This model assesses the inventory of drills as a single stock. This stock has one
outflow, which represents the demand for drills, and two inflows.
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CTSC Process
Figure 3.1: Simplified Cycle of Drills
The interesting intricacies of this system start to become evident as the characteristics of the
two inflows to the inventory stock are analyzed. Viewing this system strictly from the supply
chain management perspective, one can consider it analogous to a simple case of a single
stock being supplied by two different sources. However, there are two basic differences in
these two sources of supply that make this, apparently simple system, more complicated to
study.
The first indication that the drills are intrinsically different is that they have a different number
of uses left in them. Section 3.2 in this chapter proposes studying and understanding the
inventory in term of lives as opposed to actual numbers of drills. This will help maintain a stable
system, as analyzing the inventory in this fashion allows for some visibility of how many uses
can be obtained from the drills in stock. With this in mind, it can be noted that the drills that
come from the procurement source have the maximum number of lives that a drill of its type
could have. On the other hand, a drill that comes from the refurbishing source has one less life
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that it had when it was sent to the customer. The effect of this characteristic will be further
studied in the following section.
Figure 3.2: The Dual Supplier Model for the Cycle of Drills
The second basic difference between these two sources becomes evident when evaluating the
supply chain management of each of the sources. As described in Section 1.4 the drills that are
brought new into the system have a fairly straightforward supply chain. The Cutting Tool
Service Center purchases its tools from drill fabricators, who in turn obtain their raw stock from
metal suppliers, etc. An additional complexity exists in the case of adapted drills where there are
only a limited number of vendors that can supply the adapting service. But even with this
variable, the issues that the management of such a supply chain could have are typical in nature
and do not offer innovative material for study. It is not the intent of this paper to go into the
details of managing the supply chain of new drills. For this reason, as an approximation, an
efficient supply chain management and an infinite source of sharp new drills is hereby assumed.
(This of course is far from the truth.) This assumption will be revisited later as this paper
develops conclusions and analyzes the positive effect that understanding the system as proposed
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may have on the supply of new tools. But for now the analysis of this chapter focuses on the
study of the supply chain of the refurbished tools.
3.1.2 Analyzing the supply chain of refurbished drills
Looking at the refurbished source strictly from the supply chain management perspective the
loop end (top arrow) of Figure 3.1 may be extended by looking at the different stages of this
chain. A complete view of this supply chain is shown in Figure 3.3.
Figure 3.3: Extended View of the Supply Chain of Refurbished Tools
The drills that are brought into the sharp inventory are supplied by the regrind operation, which
in turn obtains its supply from a stock of dull drills. The dull drill inventory is supplied by the
sorting operation, which itself is furnished from the received tubs full of unsorted drills. The tubs
are received, subject to shipping and "time to fill tub" delays, from the used drill stock in the
different toolrooms throughout the company. The operators all through a particular plant are the
suppliers of these used drill containers. For the typical current Boeing model, the operators get
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their tools from their personal toolboxes where they keep, in the best case scenario, a few days
worth of tools. They restock their boxes from either a point-of-use station or directly from the
toolroom. The toolroom clerks both, fill the-point-of use cabinets, and place their own orders to
supply the plant's inventory stock. These orders are, in turn, filled by the CTSC.
It should be obvious to the reader that this supply chain system is complex in nature, not only
because of the number of stages in the chain, but also because of the vast number of people or
sources that can play a part in the supply. Furthermore, the drills that are stocked in the CTSC
have a variety of in-use life spans as discussed in section 2.3. Also, the Boeing plants have
totally different internal tool distribution methods and are at different distances from the CTSC.
Needless to say the distribution and in-use delay times increase the complexity of the system and
lead to a difficult supply chain management problem.
3.1.3 Establishing the simplified recycling system model
If it could be assumed that these complexities did not exist, then the supply chain could be
modeled as a simple recycling system with a finite recycling delay. Given that this assumption
is far-fetched, a sensitivity analysis on this delay is needed and will be conducted in a later
chapter. However, this simplification is worth studying and is extremely useful in the initial
understanding of the system. And in fact, the most insightful findings of this paper are obtained
from such a simplified model, and thus it is used as the backbone for this thesis.
The recycling model, however, should not be thought of as an overly simplistic system to
manage. When applied to the case of refurbishable tools at Boeing, it becomes quite complex.
In analyzing the model, the first obvious relationship, as of any recycling system, is that the
supply of refurbished drills is directly correlated to the demand of drills a few days or a few
months previous. Presently, this has an interesting implication in the management of the
inventory of tools, as the procurement manager has little to no control over what is supplied by
the refurbished side of the supply chain. In the steady state case, (of which the solution is
presented in section 3.2 of this chapter), in order to maintain a stable inventory level, the
procurement manager needs to supply the number of drill lives that are not supplied by the
refurbished side. In the real world, however, especially with Boeing's business cycles, demand is
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far from constant, and thus the supply of refurbished drills will fluctuate accordingly subject to a
certain time lag. This provides the insight that in making purchasing decisions the manager
needs to closely monitor the demand for drills; not only to know what needs to be restocked, but
also to understand what is being supplied in the future by the refurbished side. This already
presents a paradigm shift in how the procurement decisions were being made at the CTSC at the
time of the research for this paper.
3.1.4 Identifying factors that play an important role in the real system
One can imagine that with so many people potentially handling a drill and with so many stages
in the supply chain, it is very likely that drills get lost in the system. In the ideal world, the
correlation between the supply of used drills and their demand should be one for one. However,
in a system as complicated as Boeing's, it is estimated that about 20% of the drills, regardless of
whether or not they are still refurbishable, are lost somewhere in the system and never make it
back to the CTSC.
Prior to my study at Boeing, the managers of the CTSC had identified this as a problem and had
launched a campaign to increase the operator awareness about the value of the drills in order to
encourage the return of all tools. This campaign manifested itself, in its second iteration, in the
form of posters with a Smokey the Bear look-alike along with the caption: "Only YOU can
prevent drill shortages!" (See Figure 3.4). In honor of this campaign, further references to the
percentage factor of drill returns will be made as the "Smokey the Bear" (STB) factor. When
Smokey is 100% effective, all the drills that are sent to customers make it back. While a
Smokey the Bear factor of 80% means that 20% of the drills are lost in the system. Section 3.2
of this chapter studies the effect that the Smokey the Bear factor has on the overall system and
identifies it as one of the highest leverage points in managing the inventory of refurbishable
tools.
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The preceding two paragraphs are discussions that are instigated a result of the observation that
the current distribution system for tools at the Boeing Company is highly complex. Further, it
has been determined that the system may be
simplified by analyzing it as a relatively
simpler recycling loop model. This renders IL YoU CAN11M
the insight that the distribution delays and the EU ENT DRILL
level of visibility of the inventory throughout A
the distribution and use cycle directly fl TIDES!
determine the time lag of the recycling loop.
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the field. Acquiring this visibility will allow by tpople
Who shar pen
Boeing to better control distribution delays, "*
intrinsically increase the Smokey the Bear
factor, and overall yield a better managed
refurbishable tool system.
Figure 3.4: Smokey the Bear Campaign
3.2 Inventory Management of Refurbishable Tools
The following section will present the modeling of the simplified system as described in the
previous section. A systems dynamics approach will be used to explain this model based on the
observed trends of inventory at the CTSC. The dynamics of the current policies that harvested
these trends will be explained in order to identify the problem that the model is trying to solve.
Once the model is presented, this section will continue by deriving the steady state procurement
solution of the system. It will also present some conclusions on the relationship between the
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different inputs to the model and its steady state solution. Lastly some mention will be made on
the limitations of this model to set the stage for Chapter 5.
3.2.1 Identifying the causal relationships of current inventory policies
The Background chapter of this thesis described the historical trends that the Cutting Tool
Service Center has had in managing the drill inventory. The continuous stock-outs as well as the
excessive buildups of drill inventory might just very well be a result of the combination of the
supply chain delays and the Boeing cycles. But, looking deeper into the current procurement
policies, and the thinking process of the procurement analyst, one can note that most of the basic
characteristics particular to refurbishable tools, mentioned in the previous section of this chapter,
are not considered in any systematic way whatsoever. From this observation comes the need for
a framework that may help find a way to incorporate the particular intricacies of the system into
the management of inventory policies.
In order to find a cause of the excessive cycles of inventory, surveys were conducted with
different managers at the CTSC. A common response pattern, along with some observations,
yielded the conclusion that there is a particular reasoning cycle that is the cause of the problem:
As a Boeing goes into a downturn, there was an increment in the inventory levels of drills. This
would typically be the signal to the mangers to slow down the purchasing of new drills in order
to adjust the inventory to reasonable levels. A few months later, as they expected the levels to
settle, they would notice that the inventory would continue to drop putting them in danger of
running out of drills. At this point, they would order new drills to be able to satisfy the expected
future demand. But when this demand would come, for some reason they would again have an
4
excessive number of drills
Figure 3.5 shows a simple causal balancing loop diagram5 that models the rationale of the
procurement managers.
4 This cycle was described in a 1998 memo prepared by Marc Zuger entitled "The Quick Change Adapted Drill
Story












Figure 3.5: Causal loop of the Reasoning Used Historically by Management
This dynamic seems to be the correct reasoning and should provide enough control to keep the
system with a desired level of inventory. However, given the resulting fluctuating trends,
(described in section 1.4), it seems clear that there is something that the managers are not
considering. Further investigation within the CTSC led to the finding that procurement agents
never systematically took into account that new drills have more lives than the ones currently in
inventory. In other words, they did not try to keep track of the number of uses that can be
obtained from drills; they simply look at the overall inventory. As perhaps the most important
hypothesis of this thesis, it is hereby proposed that inventory should be managed, not in term of
actual drills, but in terms of the number of lives available in inventory. Looking at the
aforementioned loop, but now considering the number of lives in inventory as opposed to the
actual number of drills, one can note that there is a second balancing loop, which procurement
agents are unaware of, that occurs as purchases are made. (See Figure 3.6.)
When managers note that they have too many drills and slow down procurement they are
adjusting their inventory of lives in an augmented fashion. Not only are they adjusting due to the
fact that they are now preventing the inflow of new drills into the system, but the drills that they
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are allowing in, through the refurbishing loop, are coming in with one less life than they had
when they left. In other words, they are dropping not only the quantity of drills, but also the
average number of lives of the drills in inventory. What happens thereafter is that the average
number of lives eventually gets closer to one, and the drills that come back are no longer
refurbishable. It is not until then that the managers react and overly increase their order of drills.
This, then, causes a surplus of inventory: Again, not only is the quantity of drills being adjusted,
but also the average number of lives is being increased. This yields to more uses per drill than











Figure 3.6: Modified Causal Loop for Number of Lives
It is important to note that such a dynamic would not be so grave if it weren't for the long delays
in the system. On average it is estimated that it takes three months for a drill that is sent out to
the customer to be returned to the CTSC. Additionally it also takes an average of three months
for the CTSC suppliers to send a requested tool. This yields to a six-month delay between the
time that the drills are needed in the system and the time they actually arrive, which accentuates
the problem described above.
46
3.2.2 Developing the underlying model for the refurbishable tool system
Given that the set of causal loops shown in Figure 3.6 explains the observed trends, it would
now follow that the drill inventory should be modeled in terms of lives instead of drills.
However, there is a particular paradox that needs to be noted which complicates the required
analysis. Although the number of lives analysis will prove to be more effective, it is important to
also always be aware of the actual number of drills that are in inventory. The reason is that, at
any moment in time, there needs to be enough drills on hand to satisfy the demand, regardless of
their number of lives. In other words, if only the number of lives is considered, the system
could, at some point, have enough "lives," but not have enough drills. For this reason the correct
inventory modeling instrument will have to manage both the lives in inventory as well as the
actual number of drills. The number of actual drills needs to continue to be the unit of measure
of the inventory, yet the lives need to be observed in order to somehow account for the age of the
drills in stock.
For this purpose I propose using a modified Jim Hines' Co-flow model to analyze this system.
The Hines' Co-flow molecule as published is shown in Figure 3.7.
This model is useful for concurrently tracking a stock, subject to inflow and outflow, and some
particular characteristic of the stock that might be important to the study. A typical example of
the use of this model is the tracking of a moving loan. In such a case, one would be interested
not only in the amount of money one owes, but also on the average interest of the loan. The
model suggests that every year new loans are incurred at the new interest rate as old loans are
paid off at another rate. The one assumption of this model, and a potential caveat, is that the
loans that are paid off were being charged the average interest rate of the whole loan package.
Though this supposition may be questionable in the case of the loan example, it is actually a
fitting assumption for the drill model. Details of the mathematical mechanism of this molecule
are included in Appendix E.
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Figure 3.7: Hines' Co-flow 6
The modified Hines' Co-flow suggestion for the drill model is shown in Figure 3.8. In this figure
the additions to the original molecule are shown in italic font and dashed lines.
In this model, as discussed in Section 3.1, there are two inputs into the stock, which are reflected
as two inputs to the change of average characteristic (lives). Additionally there is a third input to
the change of lives that reflects the existence of rejected drills. The rejected drills are those that
come back into the system but, because they have been refurbished to their limit, come back
with zero lives left and therefore get trashed. These drills, when they were picked from inventory
and sent out, very specifically had only one life left. Hines' Co-flow molecule, as discussed
above, assumes that all the items that leave the system leave with an average number of lives.
Since orders are filled by choosing the drills, close to, at random, (see discussion in Section
2.1.5), this assumption is as good as any. However, since all drills that leave with one life will
not come back, the rejected drills need to be tracked separately. It follows, thus, that the loss of
drills with one life needs to be reflected as a third input to the change in the average
characteristic of the model. Hence, the average number of lives in inventory can be changed by
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either: an inflow of new drills with a maximum number of lives per drill, an inflow of used drills
with one life less than whatever the average was at the time they were shipped, or an outflow of















Figure 3.8: Modified Hines' Co-Flow for Refurbishable Tools
In the case of the second inflow mentioned above, it is necessary to complete the model by
closing the loop and relating the input of used drills to the outflow of drills that used to satisfy
the demand at some time in the past. Additionally, the percentage factor of drills that are
returned, or STB factor, is included as an alterable input to the system that is used to determine
the total number of recycled drills that are actually received.
What remains to be discussed is how to determine the percentage of recycled drills that are
rejected because they are received with zero lives. It will be proven in Appendix A that there is a
direct relationship between the effective-lives ratio (defined as the average number of lives in
inventory divided by the lives of a new drill) and the rejection factor. The reader may best
understand this relationship by thinking of the two extremes. If the average number of lives of
6 Diagram represented in this figure was copied exact from the Molecules of Structure document published by
LeapTec and Ventana Systems Inc. (See references.)
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drills in inventory is one, then all the drills that come back will be rejected, since they return
with one life less. On the other hand, if the average number of lives is equal to the number of
lives of a new drill, this means that all of the drills were new and none of the drills will be
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Figure 3.9: Relationship Between Reject Factor and Effective Lives Ratio
3.2.3 Deriving the steady state solution of the system
The completed model can now be used to derive the number of drills that need to be brought into
the system through procurement in order to satisfy steady state conditions.
To obtain the procurement solution one can assume that, at steady state, the inventory
management policies used will guarantee that there will be enough drills to satisfy a constant
demand. Thus, one can look strictly at replacing the lives that are lost at any given time cycle.
If the steady state demand is ofn drills per month, and the current average number of lives is
AVG, then a total of n . AVG lives will need to be replaced by either of the supplies. It follows
that, after, say, three months, from the used drill supplyn -STB -(AVG - 1) lives will be received.
In words, the same number of drills that were shipped, minus those that were lost in the system
due to Smokey's ineffectiveness, come back with one life less than they had when they left. So
in order to maintain a constant number of lives what needs to be purchased is:
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Lives purchases = n -AVG - n -STB -(AVG-i) (
Given that all drills that come from the procurement side of the model are new, they each brings
the maximum number of lives that a drill of its type may have, 11. Therefore, the total number of
new drills that need to be brought into the system by procurement is given by:
=n -(AVG - STB -(AVG -1)) (3.2)
7
Examining equation 3.2 one can notice that the average number of lives in inventory is still an
unknown. To determine the value of the average lives of inventory one can step backwards
through the model, and by assuming a steady state, develop relationships between the flows that
yield the necessary constant inventory and constant average lives conditions. The three basic
steady state conditions are described in equations 3.3, 3.4, and 3.5 where the changes of the
average lives, the inventory and the presort inventory, respectively, are equated to zero.
0O=AAVG - AVG) 1 (1-AVG) (3.3)
PD SD RD
0= AInv=P+S-n (3.4)
0 = Apresort = STB . n,e time previous - R - S ( 3.5)
Where P,PD,S, SD, R, and RD are the
procurement, sharpening, and rejection rates and
their respective dilution times.7
7 See Appendix E for the mathematical formula for the dilution factors.
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( 3.1)
Equation 3.3 states that the average inventory is constant and, thus, there is no change in the
average characteristic, as calculated by using the dilution times of each of the flows. (See next
paragraph). Equation 3.4 states that the level of inventory is constant. This occurs when the total
number of drills issued is equal to the number of drills received from procurement plus those
received from the refurbished source. And lastly, equation 3.5 states that of the drills received
from the operators all will either be rejected or will be returned to the system as good reusable
drills.
In the above formulation, and in the graphical representation in Figure 3.8, the dilution time of
each rate determines how quickly the average number of lives in inventory will be diluted to the
value of the number of lives of the in-flowing drills. For example, say that at one instance, zero
refurbished drills return and the system is flooded by an inflow of new drills. In this case the
procurement dilution time would determine how long before all the drills in inventory have u
lives. See Appendix E for a further explanation.
In Appendix B the above three expressions are used to derive equation 3.6 which shows that the
steady state average lives in inventory is as a quadratic function of the number of lives of a new




a = 7 .STB- 7 -STB+1
b = 72 _ ) 2 -STB- -7 STB - 7+ STB
and
C = 72 . STB
The above result shows that the average number of lives at steady state is independent of either
the drill issues or the current level of inventory in stock. This is because at the point that steady
state is reached, the distribution of what percentage of the drills have a certain number of lives
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reaches its steady state form. The existence of a steady state distribution of lives is stated here
without proof, but is verified empirically in Appendix C.
Having the above formula for the average number of lives in inventory allows for an easy
derivation of the steady state procurement solution. This is obtained by simply inserting the
above relationship as the average number of lives in equation 3.2. The graph in Figure 3.10
shows the steady state procurement solution as a percentage of the steady state issues. This
percentage is as a function of the number of lives of a new drill, and of the STB factor. This
graph can be used to obtain the procurement ratio, assuming that the designed lives of a new drill
are known, by just looking at the line for the suspected STB factor. For example, if a drill can
be sharpened 3 times, i.e. it has 4 total lives, the expected ratio of return is 80%, and the
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Figure 3.10: Steady State Procurement Solution
It is interesting to note that the lower the STB factor, the flatter the relationship between
procurement and the number of lives of a new drill. Every time a drill gets sent out, it is subject
to the probability of getting lost in the system. If this probability is very high, the same number
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of drills need to be purchased when a the new drill has ten lives than when it has nine lives, as it
is most likely going to get lost before it achieves its designed number of uses. The number of
effective uses that will be obtained from drills is charted in Figure 3.11.
The chart in Figure 3.11 develops a very powerful insight. Any organization managing
recyclable items that have more than five or six uses, can achieve a greater benefit by increasing
the probability of return than by increasing the number of uses that can be obtained out of a
single item. What this means specifically for the CTSC, where the STB factor is 80%, is that
there is very little benefit in spending efforts trying to get more uses out of the drill that can
already be recycled 4 or more times. On the other hand, there is an exponential leverage in
increasing the percentage of returns. This indicates that campaigns like the Smokey the Bear
posters, and others, are extremely valuable to the Boeing Company. Further analysis of the two
aforementioned figures will be discussed in Section 5.2.3.
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Figure 3.11: Effective number of uses of a drill.
3.2.4 Limitations to the model
The model proposed in this chapter has helped determine a procurement policy, the high
leverage points of the system, and a steady state solution to the drill game. However, the
discussion, thus far, has had two major limitations. The first is that it has entirely focused on the
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steady state solution, which assumes a constant demand for some period of time. In order to
make this model useful in the real world it needs to be robust enough to be able to predict the
behavior of the inventory during Boeing's typical business cycle. A look at some of these cycles
will be reviewed in the following section and will then be used as variations to the inputs to the
model in Chapter 5.
The second limitation of the above model has to do with the basic assumption of the Hines' Co-
flow molecule, which is that all drills in the system get shipped exactly with the average number
of lives in inventory. This assumption, as was mentioned before, is a good one due to the nature
of how drills are currently picked at the CTSC. So, on average, this assumption holds. However
the reality is that the average number of lives of the issued drills is a result of a mix of drills.
This implies that the system is subject to certain variability due to what this mix will actually be
each period. A coincidence may occur that, on the extremes, all the drills picked are brand new,
or that they all have only one life left. If the managers would subscribe to the above model alone,
they may be subject to the danger that the variation at any one point might cause the system to
run out of drills. For this reason, it is important to understand the above model only as the
framework of how the system works, but a more detailed simulation will be necessary to
understand how to manage the variation.
As part of the analysis for this thesis a simulation program was created on an Excel base
spreadsheet which tracks each drill individually and maintains a running average of the number
of lives at any moment in time. Additionally, because of the benefit of maintaining the visibility
of each drill, the simulation closely mimics reality and thus has served as a tool to validate the
framework model described in this chapter. This validation allows for a more confident use of
the model to test it out against the demand cycles that will be described in Section 3.3 of this
chapter. Additionally, by understanding the variation inherit to issuing a mix of drills, a certain
standard deviation on the expected level of inventory may be artificially inserted in order to
complete the instrument that can aid the inventory management of refurbishable tools. Details on
the completion of the model as well as the simulation program are explained in Chapter 5.
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3.3 Cycles in inventory management
Anybody that has been involved in the aerospace industry might be questioning the validity and
usefulness of looking at a steady state solution for the management of drills. In the aerospace
industry there is no such thing as a steady state. The CTSC, like any other aerospace supplier, is
clearly subject to Boeing business cycles. So the suspicion that there is very little benefit to be
obtained from the discussion thus far is for the most part true.
Because the Boeing Commercial Aircraft Group (BCAG) sells its product all over the world, its
business cycles are subject to the cycles of world economics. In very rough terms, these cycles
are characterized by a seven-year period with a typically climbing trend. The current downturn
that Boeing was facing at the time this document was written, for example, was due in big part to
the economic crash of the Asian nations. Boeing's planning department quarterly reviews
information about the expected economy of the world and the current placed orders and develops
updated forecast of monthly sales for each type of aircraft. (Figure 3.12) Since these are updated
at least quarterly, the forecast of the near future is always more accurate than that of a few years
ahead.
This forecast is distributed throughout the company and to Boeing's suppliers so that the whole
supply chain may plan their production accordingly. The CTSC predicts their demand for drills
based on these forecasted airplane rates. The expectation is that the more airplane pounds that are
to be built, the more tools will be needed. The unit of airplane pounds is used because a 747,
Boeing's largest jetliner, will presumably need more drills to be built than the 737, which is half
the weight. The CTSC has a forecasting tool that correlates the current drill issues with the
current airplane rates. This relationship is then used to estimate the number of drills that will be
needed in the future. The analysis of the forecasting model and methodology used could be a
stand-alone topic for another thesis. In order to maintain a certain scope, this paper assumes that
the forecasting tool used at the CTSC is accurate yet subject to some determined variation. Given
this assumption the model presented in this document will accept the output of this forecasting
tool as the expected issues of each period.
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Figure 3.12: Sample Forecast of Airplane Rates
In addition to the Boeing cycles, the CTSC is also subject to the effect of the typical "beer-game"
cycles. As mentioned before, a historical view of the cycles of inventory experienced by the
CTSC suggests that these cycles go beyond the expected supply chain fluctuations. This, as
claimed, is due to the current procurement policies implemented by the CTSC. The model
suggested above may be used to prove that such policies are, in part, responsible for causing the
exaggerated waves in inventory. From the insights that are brought forth from the results of such
a test policy recommendations are included in Chapter 6.
One factor of the model that has been mentioned briefly without any follow up discussion on its
effects on the system, is the recycle delay. It was stated before that the resharpening process
itself adds a variation of lesser magnitude and, thus, may be ignored. However, the time that it
takes for a drill to go through its distribution channels, to the end user and back, needs to be
considered carefully in the analysis of the system. It is clear that the longer this process takes the
more space for errors in the system, lost drills, etc. Additionally, reducing the distribution steps
has a huge leverage in reducing the number of drills that have to be out in the system. It is not the
intent of this paper to describe the nature of the "beer game" effects on the supply chain of
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airplane production, but rather to identify it as a source of variation and a high leverage point to
the management of the refurbishable tools system. Chapter 4 will describe some suggestions on
possible ways to eliminate shipping and information delays related to distribution. The
discussion in Chapter 5 then analyzes the effect of these recommendations on the system. The
hope is to present appropriate solutions for dealing with these high leverage points and to make
the drill game a more controllable system to manage.
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Chapter 4 Redefining the Distribution and Dispensing of Cutting Tools.
The main purpose of this chapter is to roughly describe the implementation work related to the
improvement of the distribution process of drills that was performed during my internship. The
strict topic of redefining the distribution of tools slightly digresses from the topic of the
development of a supply chain management instrument. However, some relevance exists, given
that these efforts will ultimately affect a high leverage point of the refurbished tool system. Long
delays in the distribution network are sources of false signals that can affect the number of drills
that are thought to be in the system. This easily becomes evident to anyone that gets involved in
the challenge faced by CTSC to more efficiently manage the tools of the company. Soon after I
started my work at Boeing, I studied the current distribution network and began developing ideas
to improve it.
In order to try-out the redefined distribution network that a team of Boeing employees and I had
developed, we did a pilot test by implementing our ideas in the Tooling MBU's main plant. I
have identified that the best way to explain what we proposed is to first describe the current
network that was used in this plant. After this description I will follow up with the different
challenges that improving this network entails and the different facets our proposed model tries
to cover. Because of the novelty of one of my ideas, I will also go into some detail about what
we called the Smart Cabinet.
At a minimum, this chapter shows how out-of-the-box problem solving can help find solutions
to the problems that were identified as high leverage points in the management of tools. I do not
intend to go into the fine points of the organizational learning for such an implementation, nor
into the details of the technologies and the lean manufacturing concepts proposed for the
redefining of the distribution of tools.
4.1 The distribution process of the Tooling MBU.
The Tooling MBU's main plant is less than half a mile away from the CTSC and within the same
manufacturing campus in Auburn, Washington. In Chapter 3 the distribution network for tools
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was pictured in Figure 3.3 as the supply chain of the refurbished drills. The very same steps
along the supply chain showed in this picture can be used to present the distribution network of
tools as described in Section 2.2. Figure 4.1 shows the distribution perspective of this chain.
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Figure 4.1 Distribution of Tools
From this view the ultimate goal is to get the tools to the end user, the floor shop operator. The
picture above shows the distribution as a generic picture of how it is currently set up for some of
the Boeing MBUs. Specifically for the Tooling MBU this figure may be extended as shown in
Figure 4.2. This figure is purposely busy to show the excess of non-value added steps in this
system.
The left-hand side of the figure shows the production floor operator. He can get his tools from a
variety of sources. He can either find a particular tool in his toolbox, on someone else's toolbox,
or in a point-of-use cabinet close to his working station. The point-of-use stations are currently
laid out at the Tooling MBU such that as many as ten full-size cabinets are needed to hold the
tools that are presumably needed in the design area of coverage. Should the operator not find his
tools in either of these places, he or she is then forced to walk to the main toolroom of the plant.
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There he or she waits in line, looks for the desired part in a paper catalog, fills out a form and
waits for the toolroom clerk to obtain the tool. After the operator is given the tool he or she then
walks back to his station typically getting distracted along the way by either stopping to talk to a
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Figure 4.2 Distribution and Dispensing of Tools for the Tooling MBU
The toolroom clerk, on the other hand, performs more tasks than only handing out the tools that
are requested by "walk-in" requests. Clerks are responsible for replenishing the point of use
stations. Three times a week they walk to all the point of use stations in the plant, do a visual
inventory count, and place an order based on the designed inventory levels that were determined
years ago. The next shift will then pull those ordersand prepare them for the first shift to take
them to the respective point of use station.
The Tooling toolroom is equipped with an ASRS where as much as four months demand worth
of inventory is kept of some tools. This ASRS is limited in capacity in that it does not have a
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stocking area for the tool drawers, and only one tool may be obtained or restocked at any one
time. When the toolroom's computer indicates that the inventory is low in a certain item, the
clerk is also responsible for placing an order to the CTSC, or to any other supplier. The
toolroom clerk also restocks the ASRS as much as they issue the tools.
Having the knowledge of some basic distribution and lean manufacturing principles, one might
question the cost efficiency of such an operation, especially when the Tooling MBU is only a
couple of buildings away from the CTSC. Since in such a system the inventory of tools needs to
be kept in the ASRS, in the point-of-use cabinets and in the operator's toolboxes, one might
consider that this model of distribution might be redundant and even wasteful. Additionally, the
existence of personal toolboxes and point-of-use stations indicate that a certain volume of
inventory is invisible to the toolroom clerks and their supplier.
4.2 The challenges of Redefining the Distribution of Tools.
On one end of the spectrum, lean manufacturing principles preach that all of the tools that an
operator needs should be close to his or her work station in order to maximize throughput. It is
not the intent of this paper to go into the details of lean manufacturing theory. Instead this
principle is simply adopted as an overruling rule in the design of the ideal distribution system.
Unknowingly, the operators adopt this principle, since to them it makes perfect sense that by
putting their tools in their own toolbox and keeping these close to their work area they become
more efficient by saving time to make a trip to obtain tools. But personal boxes do offer a big
challenge when we look at them from the supplier perspective. The CTSC has no visibility of
the tools that are kept in toolboxes, nor what kind of buffers the operators like to keep in their
boxes, nor what the usage rates are for a particular application.
As a partial solution to this problem the tooling MBU has installed point-of-use stations
throughout the factory. By implementing point of use stations Boeing is attempting to avoid
having the operator walk to the toolroom, and, at the same time, regain some control of the
inventory that is spread throughout the plant. In the case of the Tooling MBU, by having the
toolroom clerks manage the inventory of the point-of-use stations, the usage and inventory levels
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may be monitored. However, given the manual nature of going to each of the areas and counting
tools this operation requires a certain amount of head count. As cost cutting pressures arise, this
operation becomes short lived. When production managers are forced to cut heads, given the
option to cut a head in the toolroom, ("all they are doing is counting tools 8), or cut an operator
that performs value-added work, the choice is obvious as to whom goes first. When the support
for toolrooms is reduced, a complex system is left to be managed with very few resources. This
leads to the tendency to neglect the point-of-use stations and regress to a central source for tools.
4.3 Tooltopia: The ideal distribution and dispensing model.
During my residence at the CTSC a team was put together to look at the current distribution of
tools and design the optimal distribution network. This ideal distribution network was named by
our team and is referred to in this document as "Tooltopia9 ." The basic idea of Tooltopia is to
design what would ideally be the fastest, most economical and most reliable way to distribute
tools to the CTSC customers. Then given any capital, organizational, space, or other constraints,
the Tooltopia model could be tailored to each of the target plants being served. But whatever the
tailored result became, Tooltopia would be the starting template for our design. Figure 4.3
shows the basic Tooltopia model.
In this model the operator will get most of his or her tools directly from the point-of-use station.
If the tools are not in that area then he or she will access to a user friendly computer system with
a graphical interface that will help him or her quickly find the desired tool and order it. Both the
computer and the point of use station are somehow electronically linked (shown by dashed lines)
to both the CTSC and the central toolroom. Immediate needs as well as usage rates and
inventory levels are continuously monitored and orders are sent directly from the CTSC or
perhaps even an external supplier. In this model the toolroom in the plant will keep a very small
number of tools in stock, and will serve mostly as a distribution center for tools rather than a
storage facility. Tools will arrive daily to this center and will immediately be distributed
8 Anonymous quote from one of Boeing's production managers.
9 The term "Tooltopia" is attributed to Ginger Berg that came up with it, and to the rest of the "Tooltopia" team that
accepted it as our trademark.
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throughout the plant. Ideally, if the tool is kept in the toolroom the operator will not wait more
than half an hour for the tool. If the tool is not in the central toolroom and it cannot be found in
any of the other point-of-use areas in the plant, (as all of these are electronically linked), it will
not take more than 24 hours to arrive from an external source.







Operator Point of %4, CTSC
Pick order
Figure 4.3 Tooltopia Concept
4.3.1 Using technology as an aid to distribution.
Information technology plays a major role in the implementation of Tooltopia. However, as ideal
as electronic interfaces may appear, acquiring these can be cost prohibitive. A point-of-use
station that offers full visibility of tool usage would solve all problems. However, when the tools
in question are only two dollars in value per item, it is difficult to justify the investment of any
capital in addition to a plain cabinet. The alternative of investing a little capital, on the other
hand, is not necessarily less expensive. If the tool managers want to have full visibility of their
tools around their plant, many inventory analysts would need to be employed to accurately count
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and keep track of the huge variety of tools. And even with a substantial workforce this system
would still be subject to human error.
The benefit that information technology can provide to the distribution, dispensing and
monitoring of tools may outweigh the cost if designed properly. For less expensive tools a smart
kanban card system may be put in place. For example, cards may be put inside a bin holding
tools inside a drawer. As tools are used and the bin reaches a certain minimum volume then the
operator may take the card out of the cabinet and make it visible for the tool analyst to scan the
card. The analyst would walk around the plant every day just quickly scanning all the cards and
this information may be downloaded into a system that will automatically calculate the usage
rates and place orders accordingly.
Other smart kanban as well as kit systems may also be designed depending on the specific needs
of an area. All these systems should have as their primary goals eliminating the information
delays, increasing the visibility of tools outside the toolroom, and keeping tools close to the
working station. It is not the intent of this document to describe the variety of creative systems
that can be developed. The challenge of coming up with the appropriate tailored solution for
each working area is left to be addressed by the Tooltopia team.
4.3.2 Dispensing options.
The issue of lost tools also needs to be addressed when developing a new distribution network.
When an unlocked cabinet is left outside a controlled toolroom for the use of operators it is
vulnerable to theft and to the over-estimated self-issue of tools. There is clearly no control over
how many tools are used, for what purpose or by whom these are being used. A possible
solution to this problem would be to eliminate the open point-of-use stations and keep all the
tools in a controlled toolroom, but clearly this takes the system away from the lean principles
described at the beginning of this chapter.
Vending machine companies have opportunistically identified this problem and have developed
tool vending machines for the factory floor. With the use of these machines the operators must
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use their badge to access the machine and select the tool they need. These machines vary in style
from a corkscrew candy-dispensing-like machine, to locker systems that are automatically
unlocked upon the request of a specific tool. The corkscrew machine is typically useful for tools
that can easily be prepackaged and can withstand a three-foot fall. The locker system, on the
other hand, is extremely versatile, since any size tool can be put into a locker, but it does not
offer the control of how many tools are dispensed at one time. Some companies have developed
very clever machines that offer both versatility and control. However, these solutions tend to be
cost prohibitive and only make sense when the tools in question are tools that are worth more
than twenty dollars per item, which is clearly not the case for drills.
4.3.3 The Smart Cabinet
The Smart Cabinet is a device that was invented by me and was thereafter developed by The
Boeing Company. The basic idea was to develop a device that would offer the versatility of a
cabinet to hold tools, but it would offer full visibility of usage at a low cost. To maintain the
scope of this thesis, this section will only serve as a general description of the invention as
opposed to a detailed analysis of the technology used and the cost of the device.
A cabinet is used in this device because most operators are used to holding their tools inside
point-of-use cabinets or toolboxes. Usually cabinets have several drawers and every drawer is
subdivided into bins that each holds a different kind of tool. These bins are typically labeled,
and because it is to the best interest to the operator to keep the right tool in the right bin, tool
cabinets are usually pretty organized. The problem with a simple cabinet, as mentioned above, is
that even when the access is restricted, the user may still take as many tools as he or she feels
necessary. The organization that supplies the tools may find out too late that the worker has run
out of tools or that the usage rate has changed. The need to somehow count the tools that are in
each of the bins inspired the idea of the Smart Cabinet.
In very basic terms, the Smart Cabinet is a set of weight scales placed underneath each of the
bins of the cabinet. A single bin is calibrated so that it turns weight into an actual drill count. For
this concept to work, one needs to assume that the operator will keep the right tools in the right
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bin, and that all tools of the same type center around a certain mean weight. Whenever a drill is
removed, the weight sensitive device underneath the bin will senses a change. This signal is then
sent to the calibrated processor that will translate it to an actual drill count. Whenever the drill
count has reached a minimum level, the ordering system gets triggered and immediately sends a
certain number of tools to the distribution center to replenish the specific cabinet.
This idea in a way is too simple to truly be considered innovative. The use of load cells, the
weight sensitive electromechanical device, to measure weight is now a classical application of an
old technology. However, given the cost of standard load cells, this idea, when a conventional
design is used, becomes cost prohibitive when its purpose is to track two-dollar drills. What
made this idea possible and innovative in nature was the application of the brand new, recently
patented technology of non-axial load cells.
A load cell is typically composed of a metal element with a couple of strain-gages attached to it.
When, for example, a cylindrical component is compressed by weight, the gages sense both the
axial compression and the radial expansion of the element. The strain changes the resistance of
the gage that translates to a change of current and voltage on a Wheatstone bridge. This voltage
drop is read and may then be calibrated to a certain change in pounds, which, for the application
of the smart cabinet, may then be translated to an actual number of drills. However, the
versatility of such a gage is constrained by the fact that in order to obtain accurate measurements
the load needs to be evenly distributed directly above the axis of the element. Say, for example,
that a single gage was placed underneath the center of a cubed shape bin. In such a design, the
reading that would be obtained when all the drills roll to one side of the bin would be different
than that which would be obtained when the drills are all directly above the center of the bin. A
potential solution for this problem would be to place a gage in each of the corners of a bin. This,
however, would entail an additional cost as well as the need for a complex algorithm to estimate
the total weight on the bin.
Gagetek, a designer and manufacturer of load-cells recently developed and patented a non-axial
torsional, flat load-cell that is ideal for the cabinet bin application. This device is shown in
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Figure 4.4. One end of this arc-like device is fixed to the base of the drawer while the other is
screwed to the center of the bin. With this design no matter how the weight is distributed in the
bin, the device will carry the complete load. This device is basically behaves as a torsion spring.
The load-cell has three strain gages around the top surface that are wired in such a way that the
total torsion of the device is calculated. An electronic processor then takes this signal and given
the characteristics of the metal converts the total torsion of the metal component to the weight of
the load.
Strain Gages
Fastened to Load 
.Fastened to Floor Drawer
Figure 4.4 Gagetek's Torsional Load-cell
Additionally this device is thin and flat and can easily be placed underneath the bins of the
drawer without occupying much space. A single drawer may have as many as forty bins and
therefore, to convert it to a smart cabinet drawer, would need forty load-cells. Each drawer
would be furnished with a printed circuit board that takes all the signals from each of the load-
cells in the drawer. This electronic component is then wired to a computer system that can
ultimately track the number of drills that are in each of the bins inside a whole cabinet.
The simplicity of Gagetek's load-cell can justify the cost of using a smart cabinet to track most
common drills and cutting tools. In addition, in order to control the issues of drills, the cabinet
may be locked and operators may be given access only after they scan their personal badge in an
electronic badge reader attached to each cabinet. The smart cabinet would thus offer the
complete visibility of the usage of tools, the proximity to the working station, and all at a
reasonable cost.
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4.3.4 Implications in the dynamics of the system as a result of the implementation of Tooltopia
The smart cabinet or any of the other ideas generated by the Tooltopia team have as the basic
goal to either increase the visibility of the usage of tools, or decrease the information and
distribution delays related to the ordering of tools. If either of these two objectives is achieved,
the implementation of Tooltopia will have a tangible effect on the overall management of the
system.
Among the benefits of the implementation of Tooltopia is the potential decrease in the
percentage of drills that never get returned because they get lost in the distribution and use cycle.
The implication being that by having a better control and visibility over the whole system,
inefficiencies where drills were lost may be more readily discovered. Chapter 3 identified that
the percentage return of drills is a substantial leverage factor in the management of refurbishable
tools. Specifically, Figure 3.10 shows how increasing the percentage of returns can decrease the
number of new drills that need to be purchased each period. Correspondingly, Figure 3.11 shows
how increasing this factor may also improve the effective number of uses that may be obtained
from a drill.
The Tooltopia concept dramatically reduces the time that a tool spends in the distribution and
dispensing stage of its life cycle. This reduces the probability of a drill being exposed to the
distribution inefficiencies that may cause it to get lost. An additional benefit is that devices like
the Smart Cabinet increase the visibility of who takes what tools. This, in turn, can directly
affect the responsibility that is bestowed on the operators when using tools. Furthermore,
reducing the time delay of distribution will be identified in the following chapter as a high
leverage factor on the control of the system. In summary, the implementation of Tooltopia may
have an extremely advantageous effect on the supply chain management of refurbishable tools.
The following chapter will describe some of the dynamics of the drill system, and among other
things, will underline the effect that redefining the distribution network can have on the system.
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Chapter 5 The Modeling Tool for Drill Inventory Management
Chapter 3 introduced the backbone model for the work in my thesis. However, limitations to this
instrument do exist as were briefly mentioned in section 3.2.4 of that chapter. Before the
proposed model can be used with confidence as an instrument for inventory management, it is
necessary to study and understand these limitations. One of the principle limitations of the study,
thus far, is that the variability of the system has not been incorporated into the model. As
discussed before, in order to understand such variation a simulation program was developed to
attempt to mimic reality by virtually tracking each of the drills individually. This simulation
program is referred to in this document as the drill game. This chapter will explain the
mechanics and the results of the drill game. Once conclusions are developed on how the
variation of the system behaves, this chapter will explain how these results may be interpreted
so that the variability of the system may be encased as an input to the model. The discussion of
this chapter will continue by exploring the other main inputs and the exogenous variants that the
system is subject to. The hope is to leave the reader with a full understanding of the behavior of
the system so procurement policies may be finally introduced in the following chapter as the
conclusion of this document.
5.1 The Drill Game.
This section of the document will go into the detail of how the simulation program was devised
to allow the researcher to mimic reality by tracking each of the drills individually throughout a
period of study.
5.1.1 The mechanics of the drill game
The drill game is set up as a spreadsheet that, throughout time, tracks a vector that represents the
lives distribution of the inventory. In other words, each element of the vector indicates how
many drills exist in inventory with a certain number of lives. Any moment in time, the
distribution of lives is given by:
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Dist(t) = (V1]
where i=l to 7
17 is the maximum number of lives a drill can have,
(which is equal to the lives of a new drill),
and
t is the time period.
For example, if the number of lives of a new drill is 4 and, at time t0 , there are 20 new drills, 0
drills with 3 lives, 10 drills with only two lives, and 10 drills with only one life, the vector V





Thus, at any given moment, the total number of drills and the average number of lives in
inventory are given by equations 5.1 and 5.2, respectively.
Total Inventoryt = Vtj (5.1)
- i/
Average Livest = i= (5.2)
The drill game is run for a time segment comprised of several periods. A period is defined as the
time that occurs between material orders. Each period drills are issued by subtracting drills
from inventory. Which drills to issue is randomly determined, yet weighted by the distribution
dictated by the vector V at that time. In other words, in the example above, the drills that are
new have a 50% chance of getting picked, while the ones that have one life left only have a 25%
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chance of getting picked. This, however, does not imply that if four drills need to be issued that
two of them will necessarily be new drills. The distribution of drills is simply used to weigh the
results of a random number generator that ultimately determines which drills should be issued.
The simulation then keeps track of when the drills were issued and when they are expected to
return, given the defined distribution delay factor. When that period comes, before it adds them
back into the vector, however, it first has to determine which drills were lost due to the STB
factor. This is decided in the same way that the issues are determined. Once this is ascertained,
the simulation then shifts the lives distribution of the received drills one notch, in order to
subtract the life that was theoretically just used on those drills. This obviously implies that any
drill that was issued from the top end of the vector, with only one life left, is deleted from the
system entirely. The shifted drills that survive are then mathematically added to their respective
vector position in inventory.
Additionally, each period the model brings in the new drills that are expected from the
procurement side of the supply chain. These are added onto the bottom element of the vector.
In summary each period the drill game simulation performs the following steps:
1. Issues the drill demand by randomly picking drills.
2. Randomly determines which of the expected drills got lost in the system.
3. Shifts the lives distribution of the received drills one position.
4. Deletes the rejected drills from the system.
5. Adds the returned drills to inventory.
6. Adds the receivables from procurement to inventory.
7. Places an order (depending on the procurement policy. See below).
8. Continues to next period and repeat the cycle.
The drill game offers the flexibility that any procurement policy may be used and its effects
studied. Additionally, different issuing policies, different percentage values for the SBT factor,
as well as different values for the distribution delay time, etc. may be used to perform sensitivity
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analysis on some of the inputs of the model. However this was not the objective of developing
the drill game, as these studies may be performed just as easily by adding some input features to
the model presented in Chapter 3, (assuming it is validated against this simulation. See Appendix
D). What the drill game simulation exclusively offers, that is valuable to this research, is the
ability to study the variability that is caused by having a mix of new, old and middle aged drills
in inventory.
5.1.2 Understanding the variation due to the issue of a mix of drills
In order to understand the variability that is due exclusively to the mix of drills, the drill game
needs to be set at its steady state. In Chapter 3 the steady state average number of lives was
determined, but no indication was given to how these lives are distributed. For this reason, the
best way to determine the steady state is by running the game for a period of time and allowing it
to settle. The steady state lives distribution may then be determined empirically. If a steady
state distribution truly exists, then no mater how the game is started, as long as the steady state
procurement policy is being employed, the spread of lives should always adjust to the same
distribution. This was empirically determined to be true by using the simulation program. The
shape of this distribution happens to be exponential with the median close to the average number
of lives in inventory. The formulation of such a distribution and its validation is summarized in
Appendix C.
Once steady state is achieved, steady state inputs are maintained and the only variation in the
system must then be due to the fact that a mix of drills encompasses the inventory. The two
graphs in Figure 5.1, show the inventory level of two separate sets of steady state runs. Each
graph shows the results of several runs superimposed on each other so that the experienced
variation in the level of inventory throughout time may be observed.
In the first figure, 50% of the drills in inventory are being issued and supplied every month,
while in the second figure there is only a demand for 10% of the drills in stock. As can be seen
from these figures, there seems to be some correlation between the variation and the issues ratio,
(defined as average issues divided by average inventory). Later in this chapter this variation will
need to be characterized in order to understand how it may be related to the presumably normally
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distributed variation of demand. When the model is run for an extended period of time, and the
observed levels of inventory are charted, the values are empirically found to be roughly clustered
around their mean. This is particularly obvious in the top graph of Figure 5.1. If the simulation
is run at steady state for one thousand periods, for example, and a histogram is plotted for the
observed inventory levels, the result will seem to approximate a normal distribution. So, for
purposes of inventory management and for simplification purposes the steady state level of
inventory may be expected to fluctuate within some expected variation, and may be modeled, to
a conservative enough approximation, as a normal distribution.
From an inventory manager's perspective, the main objective in characterizing this variation is to
make sure that the system does not run out of drills. Using a normal distribution is stated to be a
conservative approximation because such an assumption dictates that randomly, at any moment,
the inventory might drop from an above average value to an undesired low level. However, in
reality this will not happen from one period to the next, since the level of inventory at any period
is related to the previous level. If the system were ever to reach an undesirable condition (as it is,
statistically speaking, expected to do so), it would do so by slowly striding towards it at a
detectable pace. So, if managers model the level of inventory to be normally distributed this
should guarantee that the precautions taken are being conservative.
In addition, having the knowledge that there is some historical dependency characteristic in the
level of inventory may prove to be advantageous in establishing control policies. For example,
assume that a policy is established which will set an alarm if the level of inventory drops below a
certain lower control limit. If the control limit is set too high, the inherit variation of the system
would make this policy cause too many alarms. However, now that it is known that the level of
inventory will center around a mean, as long as that center value is above the lower control limit,
the inventory may be expected to rise again. A more helpful policy may be established that sets
an alarm only when the inventory is below the control limit for a continuous set of periods. Such
a pattern would more assuredly indicate that the system has gone "out of control" and the
managers may more confidently inject new drills into the system. In order to help set the
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appropriate control levels as well as the overall desired inventory levels, the variation of the
expected level of inventory at steady state needs to be determined.
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Figure 5.1 Steady State Runs of the Drill Game
The basic correlation that is seen in the graphs above, the higher the issues ratio the lower the
variation, cannot be reliably stated. The reason for this is the transient behavior of the system. As
will be described in Section 5.2, a lower issues ratio causes the system to react slower to
perturbations. What this implies is that for a low issues ratio, if the model ever gets "out of
control," although statistically it will tend to correct itself, it will take a long time for it to adjust
from its current state. In turn, this exposes the inventory for a longer time to remaining in an "out
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of control" trend, and this will inherently increase the observed variation. This prohibits the
simulation model from deriving a definitive conclusion on the relationship between the variation
and the issues ratio. However, after the model is run multiple times, although the coefficient of
variation is never the same, it is always a value within a certain range depending on the issues
ratio used. This observation is here stated as an empirically derived axiom that will be used for
the rest of the modeling of this paper.
Figure 5.2 shows the range of the observed coefficient of variation of the steady state level of
inventory (defined as the standard variation divided by the average inventory level) as a function
of the issues ratio. These data were obtained from 100-month runs. As mentioned above, this
figure shows the general trend that the larger the issues ratio, the greater the variance. The figure
also shows, however, that for issues ratios lower than 15%, the expected value for the coefficient

















Figure 5.2 Expected Variation at Steady State
This graph provides the basic insight necessary to understand the variation inherit to the drill
game. It will later be shown numerically that the coefficient of variation plotted above is small
relative to typical variations of demand. As was described before, the purpose of this section was
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to characterize the variation inherit to the issuing of a mix of drills in order to be able to relate it
to the variation of demand. The graph above clearly indicates that the variation hereby studied is
of a lesser order of magnitude. This understanding can now be used to establish inventory
management policies.
Although this variation is of a lesser order of magnitude, it should not be entirely ignored. The
conclusion of this section will be used in Chapter 6 as the, now understood, variation will be
encased as an artificial input representing a fluctuation in the difference between a desired
inventory level and the demand. The rest of this chapter will study how this and the other inputs
and variables of the model will affect the overall behavior of the system.
5.2 Inputs to the model
The following section will describe the inputs to the model as they were interpreted for the study
of this thesis. Through my observations during my residence at the CTSC, I developed an
insight for what inputs needed to be considered as the main drivers of the model. Then, through
this document, I establish a modeled interpretation for the real life factors that affect the
refurbishable tool system. I make a distinction between inputs and variants, in that inputs are
factors over which the management of the CTSC has little control. The distinction, however, is
made only to separate the discussion for the ease of reading rather than to establish any hard
rules about how to manage these factors differently. Ultimately, all these factors are
contingencies to the model whose effect on the system needs to be understood.
5.2.1 Demand, Forecast and The Base Stock Model
The forecasting tool that is used by the CTSC was briefly described in Section 3.3. It was stated
then that, for purposes of this document, the forecast is assumed to be accurate within a certain
variability. The forecasting tool at the CTSC should have as two of its main outputs the expected
demand of future periods, and an experienced forecast error. The outputs of the forecasting tool
are interpreted to be the inputs of the inventory model. The input roles of these values will be the
expected value for future issues and a presumed coefficient of variation in demand.
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Once demand data is interpreted, an inventory policy may be established for a desired service
level. It has been the experience of the CTSC that drill fabricators seem to work in periodic lots.
Every month the CTSC places orders given their expected demand. For this reason, a Periodic
Review Base Stock Inventory Model is proposed as the basic inventory management policy.
With this model, every month, an order will be placed in an effort to maintain the total number of
drills that are held in inventory plus what is in the pipeline to be equal to the base stock level.
This level is based on the desired safety stock, plus the expected total demand during the review
period and the lead-time of supply. The expression for the base stock is shown in equation 5.3.
Base Stock (B)= (r + L)- p +z-o-(r + L) (5.3)
Where: r is the review period (in this case equal to 1),
L is the lead time,
u is the mean expected demand for that period,
o is the expected forecast error standard deviation, and
z is the standard normal random variable given for a desired
reliability of service.
In the typical use of the periodic review base stock model, every period an order is placed equal
to the demand of that period. This maintains the inventory at its base stock level. In the case of
the drill game, however, first of all we need to look at our demand in terms of lives of drills.
Second, as explained in Section 3.2, the number of lives that need to be brought into the
inventory equal to what was shipped out minus what is expected from the refurbished side. The
model that has been proposed in Chapter 3 is basically the Base Stock model for the lives of
drills. The one thing that has not been determined yet, however, is what the base stock level of
the inventory of lives needs to be.
In order to determine the base stock of lives, the average expected demand and the expected
lead-time may be used in the first term of the formula above. Likewise, given the expected
variability of demand, the safety stock may also be determined. However, the variability of
demand should not be the only factor considered in determining the level of safety stock. The
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safety stock exists for those instances that an excessive demand causes the inventory level to
drop and potentially cause a stock out. In the same way if, for whatever reason, there is a
variation in the expected level of inventory, a safety stock would also be needed. It could be
argued, thus, that the inventory manager is really interested in understanding the expected
variation in the difference between the actual and a desired level of inventory.
In the previous section of this chapter, the analysis of the drill game developed an insight about
the variation in the level of inventory that is due to the issuing of a mix of drills. Further,
arguments were presented to justify that, given the smaller order of magnitude of this variability
compared to the expected demand, a normal distribution may be used to characterize the
variation as a first approximation. This yields to the insight that two different variables affect the
discrepancy of the level of inventory to a desired level. Now, in order to relate the variation of
these two variables, their interdependency needs to be analyzed.
It may be argued that the level of inventory is directly dependent on the variation of demand.
This is true in that, when demand is above its expected value and all else is equal, the inventory
level will drop below its expected average. However, the variation of the level of inventory due
to the fact that a mix of drills is being issued is entirely independent to the variation of demand.
The variation due to the mix, or due _to _ m , is specifically due to the fact that when the ASRS
operator gets an order, he or she will randomly pick the drills that are sent out. He or she will
pick all new drills or all old drills independently of whether the order of drills is below or above
its expected value. In reality, as discussed in Section 2.1.5, the dependency of issue mix on the
number of drills requested is only a function of the personal policy of the ASRS operator. And
these policies are random in nature and, thus, it may be stated that 0 A -to mix is independent to
any variation in demand.
Once this independence of the variations is accepted, the overall expected variance of the
difference between the inventory level and the demand may be obtain by adding the expected
variance of demand and the expected variance of inventory due to the issuing of a mix of drills.
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- + a2 (5.4)
o7'verall - V demand + 0 due -to -mix
As an example in calculating the safety stock necessary due to a mix of drills, assume that for a
specific series of periods there was zero variability for an expected demand of 100 drills per
month. The lead-time is three months, there are currently 500 drills in stock, and a 95% service
level is desired. The chart in Figure 5.2 is used to determine oue -t_ ,mi for an issues ratio of
0.20 and a level of inventory of 500 drills. This value can then be used in the second term of
equation 5.3 to determine the safety stock level. In this case the coefficient of variation is
roughly 0.03, which yields to a odue ,,_ ,, of 15 drills and a safety stock of 49 drills. The base
stock would be 450 drills, and the expected fluctuation of inventory within a period would be
between 150 and 50 drills. Note that, at this point, one would expect that some iteration is
necessary, since once the inventory is adjusted to that level the coefficient of variation will
change as now the issues ratio is practically 100%. However, given the almost linear relationship
seen in Figure 5.2, although the coefficient of variation increases when the issues ratio increases,
the actual standard deviation decreases linearly with inventory. In other words, extrapolating the
chart in Figure 5.2 for an issues ratio of close to 100% the coefficient of variation is
approximately 0.15. This yields that, for an inventory level of 100, the OIu, to _, would be still
be around 15 drills.
Through this example it can be clearly noted that, indeed, as was mentioned before, the order of
magnitude of the variation due to the mix of drills is considerably smaller. If, say, the expected
variation of demand is 50% of forecast, which is close to reality, this factor would practically
solely determine the amount of safety stock that is needed. The variation due to the mix of drills
would have an effect of a lower order of magnitude on the level of inventory. In the example
above, the standard deviation of demand would be 50 drills, the safety stock would have to be
220 drills, yet out of these less than 50 would be needed due to the variation caused by the mix
of drills.
The above has an interesting implication on the importance of an accurate forecast. Since the
study of the forecast methodology is outside the scope of this paper, I simply make this statement
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as a recommendation for a topic for further study. For the simplification of the discussion of this
paper, further references to the demand of drills will be assumed to have an expected coefficient
of variation of 0.20.
5.2.2 Issuing Ratio and Transient Behavior
In Section 3.2.3 the steady state procurement solution was derived to be independent of the level
of inventory and the number of drills being issued. The previous section of this chapter analyzed
how the issues ratio has an important effect on the variation which is inherit to the drill game.
However, in both of these analyses the discussion was focused on the steady state assumption.
Now that the steady state is well understood, one can then take the next step and disturb the
system to study the transient behavior of the system. An evaluation of several transient behavior
tests yields the observation that the issues ratio plays an important role in determining the
settling time of the system. Inventory, with respect to issues, can be here thought of as the inertia
of the system. When inventory is very high, it takes a long time for the system to settle back to
steady state. While this is important to know when managing refurbishable tools, it is no
different than in the management of any other inventory system. It is known that one of the
benefits of maintaining a lean system is that one can react nimbly to inside variants and
exogenous inputs.
For a better explanation of this behavior it is best to exemplify the use of some of the findings in
this thesis by solving for the procurement policies that are needed when the system is subject to
some perturbation.
Assume that the maximum expected level of inventory is 100 drills, the STB factor is 20% and
that new drills can be used 4 times. If there is a monthly demand of 50 drills, this implies that the
current level of safety stock is 50 drills. Using the procurement formula displayed in equation
3.2, 16.7 or 17 new drills are brought into the system every period to maintain steady state.
Now assume that for whatever reason the safety stock needs to be increased by 20 drills such that
the average inventory will now be 120. Given that neither the number of lives of new drills, nor
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the STB factor has changed, the steady state procurement solution will remain the same. In order
to increase the level of inventory by 20 drills, new drills need to be injected into the system. One
may erroneously determine that this can be easily done by bringing in 20 new drills through
procurement. However, every period, the demand is specifically for drills in inventory that hold,
in theory, the average number of lives. In this case, equation 3.6 may be used to determine that,
at steady state, the average number of lives is 2.66. This allows a demand (or an increase of
inventory) of 20 drills to be translated to 53.2 lives. Since we are injecting the system with new
drills, each with 4 lives, then the number of drills that need to be injected into the system is 13.3
or 14 drills.
If at time t, , 14 new drills are brought into the sharp inventory, the inventory would still be short
of the desired level of 120 by 6 drills. However, this is when the dynamics of the system take
over and slowly the inventory will increase to the desired new level. The reason this happens is
that when new drills are brought into the system the average number of lives increases. This
decreases the number of rejected drills, which in turn increase how many drills are supplied by
the refurbished side of the supply chain. Note that, if the usual procurement policy were put in
place and 20 drills were ordered, in a few months the inventory would have an excess of 10 drills
from the desired level of 120. This dynamic is shown in Figure 5.3.
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Figure 5.3 Increasing the Inventory Level
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Now, if the case were exactly the same but the issues ratio were 10% (the demand is only 10
drills), the right quantity of drills to purchase would still be 14. However, in this case, it would
now take the system much longer to conform to its new steady state value. This is shown by the
bottom line in Figure 5.3 where, even after close to two years, the inventory has not settled to
120. What this means for the inventory manager, is that if a high level of safety stock is needed,
it might make sense to play against the dynamics of the system in a discrete form.
For example, in the case above, the steady state procurement solution is 33 drills per month,
(again this was calculated using equation 3.2). A possible solution to achieve the new desired
level of inventory is to order 20 extra drills this month, for a total of 53 drills, and then reduce
the purchases for the next 6 months to 32 drills per month. In other words, as long as in total the
net increase in purchases equals 14 drills (+20 - 1x 6perds ), the new desired level of inventory
will roughly be achieved.
Unfortunately, the effectiveness of a policy like the one described, cannot be generalized to any
potential perturbation. This is because the dynamics of the drill game are still subject to the
delays of the system. The effect of these delays will be evaluated in the following section. But,
in general, the insight that is to be developed from these formulations is that the issues ratio
serves as a factor in the responsiveness of the system. The manager interested in managing
refurbishable tools inventory may best further evaluate the dynamic procurement policies by
playing with the proposed model.
5.2.3 Number of Uses of a New Drill and the STB Factor
In Chapter 3 when studying the steady state case, the solution was found to be dependent on the
number of uses of a new drill and the STB factor. Further, it was stated that of the two,
especially for drills with a higher usage factor, the STB factor has a greater influence over the
system than the number of lives of a new drill. The sensitivity of how these two factors work
together may be seen in the graphs in Figure 3.10 and Figure 3.11. The first best depicts how
greater savings in drill purchases can be obtained by increasing the number of times a drill can
be used when a drill has 2 or three lives. This is implied from the high degree of slope on the left
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side of this figure. However, this gain quickly starts losing its slope for low STB factors. In the
extreme case, where STB is 60% and a drill can be sharpened 5 times, there is very little
economic gain in increasing the number of lives to 6 or even 7 (only 2% of issues per month).
On the other hand, by increasing the STB factor to 70%, close to a 10% gain can be attained.
This should give the manager a sense of the tradeoffs in improvement efforts.
Along with Figure 3.10 and Figure 3.11, which also shows a powerful insight, the expected
average lives in inventory as described by equation 3.6 is plotted in Figure 5.4. This figure will
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Figure 5.4 Steady State Average Number of Lives
This graph is most useful, among other things, in determining the cost of inventory. It is
important to note that the relationship between the average number of lives and the STB factor
might seem counter-intuitive. One would think that the more drills that are being returned, the
higher the average number of lives in inventory. However, if the steady state procurement policy
proposed is being employed, then when drills are not returned they are replaced with new drills.
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As seen in Figure 3.10, a greater number of new drills will be bought, and this yields a higher
average number of lives because new drills obviously have more lives than the average.
Once the full effect that the combination of these two factors has on the steady state behavior of
the system is understood, the study may continue by analyzing their effect on the transient
behavior. A sensitivity analysis can be performed of both the STB factor and the number of lives
of a new drill on a test subject to a controlled perturbation. The test used for this analysis is that
which was described in Section 5.2.2, where the desired level of inventory is increased by 20
percent.
Figure 5.5 shows that the number of lives of a new drill has a negligible effect on the transient
behavior of the system. It is interesting to note, however, that the little effect that is detected is
damping in nature: The smaller the number of lives of a new drill, the more overshoot that the










Figure 5.5 Transient Sensitivity Analysis on Number of Lives of a New Drill
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A similar analysis may be performed on the STB factor, only to find that this factor, although it
is of such high leverage for the steady state solution, does not have a major effect on the transient
behavior.
5.3 Variants and policies for the model
The previous section analyzed the effect of the main exogenous inputs to the model. What
remains to be studied is the effect of the high leverage variables that the managers can somehow
affect. These variables mostly have to do with delay times of the drill cycle and, thus, they
inherently alter the system's dynamic behavior.
5.3.1 The Distribution and Use Cycle of the Tools
The discussion in Chapter 4 was solely focused on the distribution and use cycle of the drills. In
the closing of Chapter 3 it was stated that studying this part of the cycle was important given that
it encompasses a substantial leverage factor in the management of tools. The amount of time that
the drills spend in the distribution network of the system, as well as the variability inherit in the
complexity have a big effect on the dynamics of the model.
The transient sensitivity tests, that were described in the above section, assumed that the drills
were returned into the system four months after they were shipped to the customer. A smoothing
model was used such that some drills are returned within the first three months, but eventually all
of those that do not get lost will be returned by no later than the fourth month. If, somehow, all
drills could make it back by the first month, then the system would be easier to manage.
Using the same example that was used in section 5.2.2, (where the system gets injected with 14
new drills), two simulation runs with different recycle delays were compared. Figure 5.6 shows
the transient behavior results of these tests along with the plot of a run with a random delay.
Clearly, the delay factor directly determines how long it takes for the system to settle.
Additionally, it can be seen from the graph that in the case of a varying delay, the system is
affected in such a way that the steady state expectation is practically unachievable, and the level
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of inventory does not settle to its exact desired value. This graph proves the need for a more
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Figure 5.6 Comparison of Transient Behavior
In addition to changing the settling time of the system, the recycling delay also has an effect on
the final state of inventory when a perturbation exists. Suppose, for example, that the expected
demand goes up 20%. Although the steady state procurement policy is supposed to bring in the
right number of drills to withstand the increase in demand, once the transient effects settles, the
system would have suffered an inventory gap. This is because the steady state procurement
model assumes that the system will immediately reach steady state. Since for an extended delay
this is not the case, there will be a deficit of drills. This presents a big problem that, thus far, the
model has not addressed.
In the previous section, the Base Stock Periodic Review model was introduced as the model to
be used to determine the ideal level of inventory for a given demand. It was mentioned that an
important factor of that model is the lead-time for replenishing new drills. Similarly, from the
supply chain perspective, the delay in the distribution network may be considered analogous to
the lead-time for the refurbished tool source. (This assuming that the system is discrete, meaning
that the time lag between the time the drills get shipped out and the time they are returned is
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Return Delay
-G'- Max Return Delay = 4 mo
Max Return Delay = 10 mo
------ Rand Return Delay (Centered at 4 mo)
125-
exactly equal to Lreurbish months.) Using the Base Stock model, we can thus assume that there
will be a deficit of AD -Lr,urbish -(AVG - 1) lives that was expected from the refurbished side that
now need to be replenished by the new drills source. (Here, AD is the expected change in
demand.) This yields that (AD. -L,, -(AV- extra new drills will need to be bought in
addition to whatever the steady state procurement policy dictates.
In reality, however, the discrete assumption does not hold as drills are returned at different times
after they are shipped out. To model this, the smoothing spread of returns that was described
earlier can be used. The problem is that with such a model the formulation of how many extra
drills need to be brought into the system is not so simple. Instead of attempting to find a
mathematical solution in the form of a complex formula, a linear relationship was empirically
derived and the results are presented in Figure 5.7.
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Figure 5.7 New Drills Needed as a Result of Transient States
This graph shows the number of extra drills that are needed for different return delays, as a
function of the number of lives of a new drill. (A STB factor of 80% was used for these plots.)
This graph will be used in the following section as procurement rules are described for expected
changes in demand. Whatever the conditions of the system are, the takeaway from this graph is
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clear: For shorter distribution delays, a smaller change in procurement will be needed as a result
of an increase in demand. This yields to the insight that, indeed, the distribution delay has an
effect on the controllability of the system. With continuous changes in demand, as is typical for
Boeing, the CTSC would have to continuously alter the procurement levels. Large changes in
purchasing will produce hardship on suppliers and the rest of the supply chain of refurbishable
tools.
Note that the smoothing model was used arbitrarily for the delay time for the return of drills, as it
is not known how this delay is actually distributed. A recommendation for further study is to
apply different distributions to the model and find which best replicates real life behavior. The
expectation would be, however, that a similar linear relationship will be found as that charted in
Figure 5.7. Perhaps such an analysis would change the slope of the lines charted, bur for now,
the derived relationship may be use to exemplify the development of the recommended
procurement policies.
5.3.2 Procurement Policies
The steady state procurement policy may be used in conjunction with the policy described above
to establish an overall recommendation on when and how many new drills should be brought
into the system given the continuous expected changes in demand.
To exemplify, assume that the demand for drills has historically been stable at 50 drills per
month yet it is expected to increase 10%. Assume that the desired maximum inventory level is
100 drills (safety stock of 50 drills) and that, for the sake of simplification, the desired inventory
level will not change. Figure 5.8 shows the inventory level at the beginning of each period (right
after drills are received) when the procurement policies described above are used. In this plot the
expected change in demand occurs in month 10.
When the step of demand first hit, assuming that procurement managers knew about it, they will
have a surplus of inventory, since they bring in the extra set of drills dictated by policy derived in
Section 5.3.1. Then, from month 11 on, the new steady state procurement level is used.
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However, given that the system will be in a transient stage for a few months, the inventory level
will drop below the desired level for a few months before recuperating.
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Figure 5.8 Recommended Procurement Policies in Practice
In order to get an exaggerated picture of the dynamics of the system, the above example was
plotted for a run with a tool return delay of 10 months. Given the above display of an extended
period of time that the inventory is below its desired level, for extended delays, the procurement
manager may try a dynamic procurement policy and test it by interactively running the model.
The purpose of the graph is to show the expected behavior of the system to provide an insight of
how such dynamic policies would need to be adjusted through time. However, given that it
would be difficult to explain in words such dynamic policies, these are left outside the scope of
this thesis. A dynamic policy might have an exaggerated level of control that would maintain the
inventory at exactly the desired level. Should such a level of control be desired, the CTSC
managers may play with the model to derive these policies.
In the above example it was stated that the desired level of inventory would not change for the
given change in demand. This assumption will not always be realistic. An increase in demand













might also need to be increased. If such is the case, an additional set of drills needs to be injected
into the system as was described section 5.2.1. Likewise, when the inventory is raised at a
different rate than the issues increase, the issues ratio will change. Consequently, this will
change the variation caused by issuing a mix of drills and, thus, the safety sock might need to be
changed further. Chapter 6 summarizes the procurement policies that need to be conjecturally
administered in order to maintain a stable system.
5.3.3 Other Variants that Affect Transient Behavior
The STB Factor: The analysis employed to develop the relationship plotted in the graph in
Figure 5.7 took into consideration only the changes in the lead-time of the system and the
number of lives of a new drill. The plotted relationship of the extra new drills needed during
transient behavior was implied to be dependent, as derived in page 88, on the average number of
lives in inventory. In Chapter 3 this number was derived to also be a function of the STB factor.
In the plots above, the STB factor was maintained constant in order to simplify the chart.
However, the STB factor and the number of lives of a new drill can be expected to always work
together in affecting the system. In the previous section it was determined that the STB factor
has an effect of lesser magnitude in the transient behavior. Likewise, the effect on the steady
state level of inventory subsequent to a change in demand is also minor. However, depending on
the desired level of control, it should not be fully ignored.
Reductions in demand: The return delay time is a function of several small delays throughout the
distribution network of tools. As is displayed in Figure 5.7, the shorter the over-all delay time,
the fewer extra drills need to be brought into the system in the case of an increase of demand.
This might look like an immediate financial saving. However, when making investment
decisions in reducing this delay time, a more thorough financial analysis in needed. Specifically,
it is important to note that, if demand should drop, longer delays also indicate a lower level of
procurement. This implies that the savings incurred by reducing the recycle delay during a full
cycle of demand would solely be due to the discounting of future cash flows and not to an overall
reduction of drills.
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Regrinding Delay: All the delays in the system play an important role in the management of the
system. Among these is the regrinding or refurbishing delay. For the explanation in Chapter 3,
the inventory of dull drills was lumped together with the sharp drills and the refurbishing delays
have been ignored throughout this document. This is a good enough approximation in the case
when drills are sharpened in-house. However, now that a full understanding of the system has
been developed, several inventory management techniques may be put in place at the CTSC to
reduce the cost of managing the system. For example, assume that there is one particular year in
which the demand is expected to rise a 20%. This, as discussed above, means that in addition to
having to buy more drills during that period, the CTSC will also have to inject the system with
an extra set of drills in order to maintain the desired inventory level. If a stock of dull drills is
kept, the CTSC may inject these drills into the sharp inventory instead of having to buy new
drills for a temporary surge in demand. Additionally, such policies will prove to be very useful
when the regrinding of drills needs to be outsourced and intrinsically the overall lead time of the
refurbished drills source will increase. This additional delay will require a larger number of extra
drills for the instances when demand increases. Though the full rationalization of outsourcing
regrind work is outside the scope of this thesis, the above is stated to make managers aware that
this variable should be considered when making these decisions.
The new drill supply chain: Throughout this document it was assumed that when new drills are
needed, these magically appear in inventory. This assumption was used because the expected
demand of drills is known well in advance, and, if the proposed model is used, the right number
of drills should be ordered in time for them to show up in the dock when they are needed.
Historically, however, the CTSC has had a very difficult time dealing with suppliers because
they will deliver tools that are not needed and take as much as six months to deliver tools that are
considered "Priority One." This problem is in part due to the manufacturing strategy of the
fabricators of tools, but it might also be due to the fact that the CTSC might have placed orders
for the wrong tools to begin with. It should be clear from the discussion of this paper that the use
of the proposed model will allow procurement managers to have a greater level of confidence in
their orders, and that few "unexpected" needs should arise. This in turn will allow the CTSC to
manage their inventory as dictated exclusively by the variability in demand and the expected
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reliability of their suppliers. The management of the supply chain of new drills, as was discussed
in Chapter 3, is left outside the scope of this thesis. The above is simply stated to emphasize that




The objective of this chapter is to put together all the policies recommended above in the form of
a user's manual to the model. I have chosen this format given the need for a recipe that will help
put my suggested policies in use. Additionally, there are no results to present on the
implementation of the model given that it was only tested against the simulation program
described in Chapter 5. Comments on the expected results on using these procurement policy
against a relatively realistic demand profile will be included in this chapter, as well as the
recommendations for further study in the management of the refurbishable tool system.
6.1 Manual to implement Recommendations
The several steps in implementing the recommended policies are presented in this section.
Because most of the framework has already been presented, several references will be made to
figures and equations in previous chapters of this thesis. The hope is that this section may be
followed step by step by a procurement manager to make a decision on how many drills need to
be purchased every time there is an expected change in future demand.
6.1.1 Interpret and Understand Demand
The first step in using any inventory management or procurement policy is to understand the
demand. As described above, in very basic terms, the drill game and the steady state
procurement policy is in essence the Base Stock Periodic Review model for drill lives. Two of
the main inputs to this model are the expected periodic demand, U and its expected standard
deviation o. The demand for drills, as can be assumed from Figure 3.12, fluctuates continuously
month to month. For this reason the average demand of drills and the expected coefficient of
variation over a time period does not provide useful information. Instead, for the purposes of the
model, the forecasted demand should be used as the expected value of future issues.
Correspondingly, the variance of demand should be set equal, as a first approximation, to the
experienced mean square, forecast error.
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These two factors may then be applied month to month to the model. As the forecasted demand
might change quarterly, so should the inputs to the model. Hopefully, however, as is to be
expected for the demand of Boeing airplanes, these changes will not affect the expected demand
for the near months, and no change will be required in the previously placed orders for drills.
6.1.2 Making Assumptions about the System.
Although this thesis offers a variety of formulas and graphs to help determine several factors in
the model, these assume that the managers know or have assumed some of the variables of the
system. Before this model can be used further, these factors need to be determined or even
assumed to be a definite number. Perhaps, if managers do not feel too comfortable with the
assumptions made, the proposed model may be tested for a few part numbers, and then some
iteration may be used to determine the true values of these factors.
The factors alluded to above are: The lead-time to get new drills, the average return delay inherit
to the distribution network, the percentage of drills that are returned to the CTSC (STB factor),
and the number of uses of a brand new drill. It is understood that some of these factors should be
easier to determine that others. For example, the lead-time to get new drills can be obtained by
analyzing the past performance of suppliers. On the other hand, the average return delay and the
STB factor are not so easily determined. Through my experience within the CTSC organization,
however, I did observe that managers have some sense of what these factors are, and thus these
assumptions should be good enough for the first iteration of the use of the proposed model.
6.1.3 Determine Safety Stock of System.
Given the expected lead-time of tools and the desired period of review, the second term of
equation 5.3 may be applied to determine the safety stock of the system by using the overall
variability, as defined in equation 5.4. However, due to the fact that part of this overall variation
is subject to the issuing a mix of drills, which in turn is dependent on the inventory level, some
iteration will need to be performed to determine the ultimate inventory level. Given that this part
of the variation is typically of a lower order magnitude, a single iteration should prove to be
enough to get to a close enough approximation. This iteration procedure is described below.
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For the first pass in determining the safety stock level, the standard deviation of demand alone
should be used in determining the expected average inventory as dictated by equation 6.1.
Expected Inventoryl0 = 2 + Z - 7deand - (r + L) (6.1)2
Once this is calculated, for the given expected issues, p, the issues ratio can be determined.
Then the chart in Figure 5.2 may be used to determine the coefficient of variation due to the mix
of drills. This is multiplied by the expected inventory, as calculated above, and odIeta o ,i is thus
determined. With this, equation 5.4 may be used to determine the overall variance and the second
term in equation 5.3 can be used to determine the safety stock of the system.
6.1.4 Making Assumptions about the State of the System.
This manual assumes that this model will be implemented for the management of drills that have
been in use for several years. This assumption is important because the average number of lives
of inventory is a crucial factor that needs to be determined in order to be able to stabilize the
system. If it is assumed that steady state has been reached, then equation 3.6 may be used. As a
matter of fact, even with the typical monthly fluctuations in demand and supply, the model
proves that the system's average number of lives will center around its steady state value without
too much variation. This is shown in Figure 6.1 where the average number of lives in inventory
is plotted for a model run against a realistic profile of demand. As displayed in this figure, the
fluctuation that does occur stays within a small range. It may thus be assumed that any inventory
system that has been managed under normal conditions for an extended period of time has close
to its expected steady state average number of lives.
In the case that, historically, the system is believed to have fluctuated excessively, the model
may be used to predict the current state of the system. This can be done by assuming that the
system was in steady state a few years back, and then artificially affecting the system with the
0 Nahmias, S. Production and Operations Analysis, Burr Ridge, IL: Richard D. Irwin, Inc., 1993
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historical demand and historical procurement. As long as a rough estimate can be made on the
level of inventory at some time, (at least one year), in the past, the model is able to predict to a
pretty high level of accuracy the current state of the average number of lives in inventory. From
my experience in playing with the model, with the current levels of inventory the CTSC
currently holds, for most part numbers, even those where a surplus of drills was just received, the
average number of lives may be expected to be close to their steady state value. This would
clearly not be true if the surplus of recently received, new drills was more than the previous
number of drills in inventory. As described above, for such cases, the model may be run to
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Figure 6.1 Fluctuation in Average Number of Lives
6.1.5 Determining Procurement Levels.
Throughout this document three basic procurement policies have been described that need to be
put together for an expected change in demand.
Steady state procurement: At this point all the inputs have been obtained that are necessary to
determine the steady state procurement value for the new level of demand. Presumably if the
model has been used in the past, steady state procurement was calculated for the previous period,
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and now it simply needs to be adjusted. Equations 3.6 and 3.2 may be very easily employed to
determine the new steady state procurement level for the new value of n, the demand.
Procurement due to a change in desired inventory: Presumably, as described at the end or
Section 5.3.2, if the mean of demand increases, most likely so will its standard deviation.
Additionally, if the number of issues changes, most likely so will the issues ratio. This will
causes a change in the standard deviation due to the issuing of a mix of drills. With these two
changes in the variability inputs to the model, the safety stock will change and most likely the
desired level of inventory will differ. For this reason a procurement adjustment may also need to
be calculated.
The inventory can be adjusted by bringing in a larger or a smaller number of new drills into the
system. The manager must remember, however, that the inventory needs to be analyzed in terms
of lives and not drills. A reduction of 100 drills, for example, should really be thought of as a
reduction of 100 . AVG lives. The procedure to be followed to determine the number of drills
that need to be injected into the system due to a desired change in inventory is explained in
Section 5.2.2.
Procurement due to delays: In addition to any desired changes in the level of inventory there
will always be a need for a one period change in procurement due to the transient behavior and
the expected delay times of the system. The formulation to determine these adjustments in
procurement is found in the section 5.3.1.
Putting it all together: As the model is used throughout time and the demand fluctuates,
different quantities of drills will be needed. For every change in demand, the previous analysis
should be performed to determine both: The number of drills that need to be brought in at the
new "constant" or average level and how many drills need to be injected into or subtracted from
the system in total to adjust both, for the new desired level of inventory, and for the effects of the
delays of the system. As described in several sections of Chapter 5, a more dynamic approach
may be employed to try to maintain a higher level of control. Alternately, the managers may
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also use the proposed model as a simulation tool to try out the effectiveness of other policies.
Either way with the conclusion of this section, this thesis delivers a thorough analysis of the
supply chain management and distribution of refurbishable tools with a finite number of lives
that may be used by managers to establish the best procurement policies for such systems.
6.2 Recommendations for Further Study
The model proposed in this document is, above all, a modeling instrument. Although a
simulation program was used to authenticate the model, it will still be important to validate it
against the real life behavior of the system. My original intention was to verify the model using
historical data and observations. But given the noise and the availability of the data at the CTSC
this validation became inconclusive. The drill game simulation program was created to mimic
reality specifically to support the legitimacy of the model, yet, even then, it should not be
considered to be a complete substitute of reality.
Certain assumptions were also made in the previous section about the factors inherit in the
system. These included the accuracy of the forecast, the lead-time delays on both sides of the
supply chain and the percentage of drills returned.
The accuracy of the forecast may be relatively easily studied by comparing actual demand data
to past forecasted values. This study was left outside the scope of this document, but is essential
for the appropriate use of the model.
The lead-time for the supply chain of new drills should be easily determined by looking at past
delivery times for suppliers. On the other hand, the lead-time for the refurbishable side of the
supply chain will be very difficult to determine or even study. A couple of different scenarios
were described in the discussion of this thesis. The first one was the discrete return model where
all drills are returned exactly x months after they are sent out. The other model was the
smoothing distribution for the delay time. Where some drills arrive before x but all of them
arrive by month x. In both models it is left to be determined what the appropriate value of x
should be, (see next paragraph). It may be presumed that the true behavior of the return of drills
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is somewhere in between these two models. Determining what is the best assumption to use is
left as a recommendation for further study.
A further study is also recommended to determine the validity of the general sense that the
people in the CTSC have about the percentage of returns. From the conversation I had, most
managers estimate it is about 80% and that on average it takes about 3 months for those drills to
return. Given that the percentage return rate and the average delay time of returns are both terms
to which the model is very sensitive, it is important to have accurate estimates of these factors.
Additionally, the simulation program predicted the distribution of the steady state lives in
inventory. As part of the validation of this model, a statistical study may be performed on a few
of the part numbers in inventory in order to validate the defined distribution. Historical trends of
stock-outs, as well as surpluses of inventory, may also be used to validate the model. Some of
these preliminary studies were performed during my internship but with few conclusive results
given the unreliability of the data. A possible validation to the model would be to track a
particular set of drills for a few months, and then compare the observed trends against the
prediction of the model.
Lastly, an interesting need that the CTSC has had, is that to determine the effect of the issuing
policy on the whole system. For example, the current ASRS operators determine if they send
new or used drills based on the size of the order, and what they have available in the bin that is
made accessible to them by the machine. In the case that there is more than one bin with the
same tool, the machine uses a last-in-first-out (LIFO) system in determining which bin to make
available. The effect of this issuing policy needs to be examined in order to determine the
validity of the random issuing assumption that the model makes. There might even be a benefit
in establishing an issuing policy that dictates that all new drills should be issued first. Whatever
the effect a policy of this nature would have, it is important to note that establishing it would
come at a certain cost. The model may be used to determine if there truly would be a cost
benefit and consequently may help justify such an investment.
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In general terms, the model here presented is in theory ready for implementation. However, the
first use of the model should be considered a test that will allow the user to tweak the model to
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Appendix A Proof of Relationship between Lives Ration and Rejects
The following appendix demonstrates the logic used to derive the relationship between the lives
ratio and the percentage of rejects. The reject ratio in this appendix is defined as the percentage
of drills that will be rejected of those drills that get returned.
The one characteristic that is known about this relationship is that the higher the average number
of lives in inventory is, the fewer drills will be rejected. This leads to a formulation for the reject
ratio of some factor that is inversely proportional to AVG.
Reject Ratio = (unknown factor) x
AVG
This relationship needs to be adjusted for the two obvious extreme points. The first one is that,
for drills that have more than one live as new, if AVG is equal to q then all drills that are
returned are still usable, i.e. zero drills will be rejected. To make this point true for any
combination AVG and 11, a factor is needed that will make the reject ratio zero whenever the two
variables are equal. This can be obtained by multiplying the above expression by (17- AVG).
The second extreme point is that if AVG is equal to one then all the drills that are returned will
have zero lives, and thus, all drills will be rejected. This implies that the unknown factor has to
be equal to one when AVG is equal to one. Given the multiplier derived above, the simple way
to make the whole expression equal to one, if and only if AVG is equal to one, is by dividing it
by (77- 1). This finally yields to a complete formulation for the reject ratio of drills as a function
of the average number of lives in inventory and the lives of a new drill.
(7- AVG)
Reject Ratio = ((-AVG A.1)
(Ti - w) AVG
This relationship was verified with the simulation program and is plotted in Figure 3.9.
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Derivation of Steady State Average Lives
This appendix uses equations 3.3, 3.4 3.5 and A. 1 to derive the relationship for the steady state
average number of lives in inventory.
Using the relationship for the dilution factors described in Appendix E, equation 3.3 may be
rewritten as:
O= ( -AVG)-P-S- R.(1 -AVG)
Solving equation 3.4 for P and equation 3.5 for S, the above formula may be rewritten, after all
terms are multiplied through, as:
0= q. n -i7.n- STB+ i'.R- AVG-n+ AVG. n STB-n-STB
R represents the number of drills that get rejected per period. In Appendix A, a relationship was
derived for the percentage of drills that get rejected of those returned. The drills that get returned
is expressed by n STB. Thus, the total number of drills rejected is given by:
R= - AVG)xn-STB(7 -1). AVG
This expression may be used to substitute for R in the above equation. The variable n is factored
out in all terms, and after some algebraic organization the following relationship is found:
0 = (7- STB -)7 - STB+1)- AVG 2 +(7 2 _ 72 -STB- 7.STB- 7+STB)- AVG+ 2 -STB
The above expression yields to the quadratic solution for AVG shown in equation 3.6 which is




Appendix C Distribution of Lives of Drills in Inventory
In order to determine if there is a pattern in the steady state distribution of lives, the simulation
model was run for several scenarios. Each run used a different number of lives of a new drill and
was started with different combinations of old and new drills. For example, one possible scenario
might have started with all new drills that have a maximum of four lives, while another started
with only drills with one life left where a new drill was brought into the system with 10 lives.
The results from such an experiment lead to an interesting consistency in the steady state
distribution of drills. Whenever the steady state procurement policy was applied, every run
ended with a similar pattern of lives distribution of the drills in inventory. Most drills were
always new, while fewer had one life less than new, and fewer than that had two lives less than
new, etc. The pattern matches an exponential curve. The figure below shows the averaged
steady state distribution of lives for a drill with 10 lives as new and a STB factor of 80%. This
figure shows the experimental result of the normalized distribution perfectly paired by a

















1 2 3 4 5 6 7 8 9 10
Number of Lives
Figure C.1 Distribution of Lives in Inventory for Drills with Ten Lives
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This empirical discovery yields the hypothesis that the percentage of drills in inventory that
have x number of lives is equal to a', where a is a constant specific for a certain combination of
the number of lives of new drills and the STB factor. This was derived as follows.
As a first approximation assume that the average number of lives of inventory is equal to the




Solving the integral for an exponential function, applying the limits and after some algebra, the
following relationship is derived:
2a AVG
This expression can then be used to numerically find the value of a for any combination of
AVG and 1. Noting of course that AVG is a function of 17 and the STB factor.
In the example above where 7 is equal to 10, and, for an STB of 80%, AVG equals 7.49, the
value of a is 1.27. Thus, the percentage of drills in inventory that have, say, u number of lives
is given by:
1.27"
Number of drills with u lives in inventory = 7
11.27"
n=1
The above expression, again, is specific for the example above.
Similarly for drills with five lives as new and the same STB factor, a can be found to be equal to
1.36. The figure below compares the results of the simulation with the exponential function.
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Figure C.2 Distribution of Lives in Inventory for Drills with Five Lives
Note that in this figure, a clearer discrepancy is found between the data and the function. This is
due to the fact that the median is not exactly equal to the average number of lives. But as a first
approximation, the use of the exponential function as described above offers a powerful insight
for understanding the distribution of lives in inventory.
Knowing exactly how many drills have how many lives, however, offers little benefit to the
management of system. What is valuable is the knowledge of what percentage of drills has only
one life left. This is very helpful in managing the inventory because it gives an indication of the
number of drills that will be rejected in the future. Presumably, if the ASRS operator randomly
picks drills, and the mix of the drills he or she picks is distributed similarly to the inventory, the
number of drills that will be rejected in the future can theoretically be determined.
It is important to emphasize that the above solution only applies for the steady state scenario. To
determine exactly how many drills will be rejected throughout transient stages, actual period-to-
period data can be used in the simulation program as suggested in Chapter 6 of this thesis.
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Appendix D Validation of Model vs. Simulation
The model presented in Chapter 3 was validated against the simulation program described in
Chapter 5. Though these are both models and neither one of them can be guaranteed to represent
reality, the simulation program offers a powerful insight about the variability that may be
expected from the real system. Since it, in essence, individually tracks each of the drills, it can be
assumed that it closely predicts reality. Obviously, validating the simulation program against
real data would be ideal, yet given the availability of data in the CTSC such a study is left as a
recommendation for further study.
Several scenarios were used to validate the model against the drill game. Interestingly, other
than the variability to which only the simulation program is sensible, for the most part the two
models behaved the same. As a good first approximation, the model can be trusted to well
predict the results of, at least, the simulation program. Rather than showing different plots of
matching data, this appendix, instead, incorporates the comparison of the one scenario that best
shows an indication of weak assumptions in the model.
The following graphs were all put together for a scenario where the models are started with a
distribution of drills far from the steady state solution. Obviously, both models were run using
the same input parameters in order to show a fair comparison. For sake of simplicity, the
distribution of drills used for the initial conditions was that of all new drills. As described in
Appendix C, when the steady state procurement policy is used, the distribution of drills will shift
to its steady state pattern. Although the model of Chapter 3 does not keep track of the
distribution of lives in inventory, the steady state distribution provides information about the
expected average number of lives in inventory. Figure D. 1 compares the average number of
lives in inventory as predicted by both the model and the simulation program.
As can be seen in this figure, the data of the model predicts the results of the simulation. As all
drills start new, and the drills begin to get used, the average number of lives in inventory drops
until it reaches its steady state value. How fast it drops is related to the input parameters used.
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Figure D.1 Comparison of Average Number of Lives in Inventory
However, when the same comparison is performed for the level of inventory, the model errs in
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The explanation of why the model does not reach the level of inventory that the simulation
program does is related to the assumption on the number of drills that get rejected. Appendix A
derived an expression for the number of lives that get rejected as a function of the average
number of lives in inventory and the number of lives of a new drill. This expression assumes
that, as soon as the average number of lives is lower that the number of lives of a new drill, tools
will immediately start getting rejected. In the case where the model is started with all new drills,
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Figure D.3 Comparison of Number of Drills Rejected
As can be seen in this figure, when the simulation is first started, no drills will be rejected, as
they are all still considerably new. Eventually some drills will start to only have one life left, and
it is not until then that the drills that come back will start to get rejected. As can be seen above,
the model cannot account for this, and immediately starts rejecting drills. Eventually the
simulation program catches up with the model, but by that time, some additional inventory has
already been acquired as shown in Figure D.2.
If it can be assumed that the model will be used for part numbers that have been held in









behavior will be encountered during typical scenarios. The above discrepancy does need to be
considered when making important decisions on inventory management policies, but for the
most part the model was proven to accurately predict the behavior of the simulation program.
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Appendix E Mathematical Formulation of Hines' Co-flow molecule
This appendix shows the mathematical formulation for the variables in the Hines' Co-flow
molecule. These formulations were copied exactly from Hines molecules as published.
Avg. characteristic = J (Change in characteristic)
Units: characteristic units/widget
Characteristic of new stuff
Units: characteristic units
Change in characteristic = (Characteristic of new stuff-Avg. characteristic)/Dilution time
Units: characteristic units/widget/Time period





Jo(Inflow of fundamental Quantity - Outflow of fundamental
Inflow of fundamental quantity
Units widgets/Time period
Outflow of fundamental quantity
Units: widgets/Time period
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The proposed modified Hines' Co-flow introduced in Chapter 3 has basically the same structure.
In the formulas in Chapter 3 P, S and R represent the inflow of new drills, the inflow of
resharpened drills and the outflow of drills due to rejection respectively, (or purchasing,
sharpening and rejection rates). Similar to the inflow and outflow of fundamental quantity in the
original molecule, the units of these rates are drills per time period. The fundamental quantity in
this case is drills, while the average characteristic is average number of lives. PD, SD and RD
represent the dilution times of each of the above mentioned flows. Similarly to the dilution time
of Hines' molecule, each of these is calculated each period by dividing the inventory level by the
respective flow. The formulation for each of these variables is shown below.
Purchasing dilution = Drill inventory/Inflow of new Drills
Units: Time period
Sharpening dilution = Drill inventory/Inflow of Recycled Drills
Units: Time period
Reject dilution = Drill inventory/Rejection Rate of Drills
Units: Time period
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Appendix F Explanation of Causal Loops Diagrams
A causal loop is a chain of causal relationships that loop around in such a way that a change in a
variable is somehow caused by itself.
The following drawings are used to exemplify how causal relationship diagrams should be
interpreted.
Sharpness of Speed of Work
Tool
In the figure above the arrow indicates that the sharpness of a drill affects the speed at which the
tool cuts. The plus (+) sign indicates that this is a positive relationship, i.e. the sharper the drill,
the faster it will cut.
Speed of Work Sharpness of
Tool
Similarly in the above example the arrow indicates that speed of the work affects the sharpness
of the tool. However, in this case this is a negative relationship (-) in that the more speedy that
the work is done the less sharp the tool becomes.
These two drawings may be put together to create the causal loop shown below.
+
Sharpness of Speed of Work
Tool
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